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ABSTRACT 
The efficient utilization of O2 for oxidative chemical transformations remains an 
unmet challenge of the scientific community. O2 activating enzymes, however, have 
developed multiple strategies for controlling the reduction of O2 and harnessing its 
oxidative capabilities for oxidation reactions. These enzymes can serve as blueprint in the 
development of O2 activating catalysts for C-H bond oxidation reactions. We have 
developed a velvut vivum catalyst that mimics the O2 activation pathway of the nonheme 
iron 2-oxo-glutarate (a-KG) dependent oxygenase enzymes. Presented herein are 
mechanistic and spectroscopic studies of the model complex [FeII(N2O1)(a-KG)(L)] 
(N2O1 is 2-((2-(dimethylamino)ethyl)(methyl)amino)-acetate). Low-temperature stopped-
flow UV/Vis spectroscopy was utilized to study the kinetics of the reaction of 
[FeII(N2O1)(a-KG)(L)] with O2 in methanol at -85oC and determine the activation 
energies associated with each step in the O2 activation process for comparison to 
computational studies. Magnetic circular dichroism (MCD) spectroscopy was used to 
probe the changes in ground and excited state energy levels of [FeII(N2O1)(L)3] as a result 
of binding a-KG or other a-keto acids. This study will allow for a better understanding 
of the role of a-keto acid binding in the O2 activation process and how the HOMO-
	
	 vii 
LUMO energy gap of the a-keto acid might modulate the kinetics of the reaction with O2. 
A combination of continuous wave-electron paramagnetic resonance spectroscopy (cw-
EPR) and electron spin echo envelope modulation (ESEEM) spectroscopy were utilized 
to determine the number of geometric isomers of [FeII(N2O1)(a-KG)(L)] in solution and 
the geometric configuration of the isomers detectable by EPR. These studies will 
ultimately be utilized to determine the isomer of [FeII(N2O1)(a-KG)(L)] that has the 
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CHAPTER 1: O2 ACTIVATION AT IRON CENTERS  
1.1 The use of O2 as an oxidant  
The oxidation and functionalization of un-activated alkane C-H bonds is a synthetically 
important yet thermodynamically challenging class of organic transformations. The 
hydrocarbons found in natural gas and oil reserves currently serve as essential chemical 
feedstocks for chemical industries whose output ranges from bulk chemical commodities 
and plastics to agrochemicals and pharmaceuticals. The oxidation of hydrocarbons is a 
potential route in their functionalization and utilization in the synthesis of these important 
chemical feedstocks.  
Most methods of hydrocarbon functionalization have developed alongside petroleum 
refining processes. Thermal cracking was a process developed in the early 1900s for the 
conversion of high molecular weight hydrocarbons to the low molecular weight 
hydrocarbons used in gasoline.1–3 The high temperatures (425-525oC) and pressures (25-
70 atm) required for this conversion also result in the generation of the synthetically 
useful ofefins, ethylene and propylene. Although thermal cracking has largely been 
replaced by catalytic cracking for the production of gasoline, thermal cracking still plays 
a key role in the synthesis of chemical feedstocks. Ethylene and propylene serve as 
versatile feedstocks for further functionalization via alkylation, carbonylation, or 
oxidation reactions.3,4 
The direct oxidation of alkanes to the alcohol or ketone product is not widely used on 
the industrial scale due to the large thermodynamic driving force, favoring the complete 




carbon and hydrogen atoms of un-activated alkanes results in high bond dissociation 
energies (BDE) that require considerable energy inputs to break and reform. Although the 
initial oxidation of these compounds is thermodynamically uphill, once the oxidation 
process has started, the thermodynamic favorability of the subsequent oxidations of the 
alcohol and ketone products make controlling the synthetic outcome of these reactions 
difficult. The synthesis of methanol from methane is a commonly cited example of this 
challenge.3 The most economically feasible synthetic pathway for methanol production 
on the industrial scale involves the complete oxidation of methane by steam reforming 
followed by reaction of the produced CO and H2 gas to generate methanol (Eq. 1.1 – 
1.4).5 
 
The challenges of C-H bond oxidation persist even at the laboratory scale. Issues with 
many of the commonly used oxidizing reagents include not only selectivity and over-
oxidation, but they also contain either toxic or expensive metals or suffer from instability. 
CH4 (g) + H2O (g) CO (g) + 3 H2 (g)




CO (g) + H2O (g) CO2 (g) + H2 (g) (1.2)
CO (g) + 2 H2 (g) CH3OH (g)




CO2 (g) + 3 H2 (g) CH3OH (g) + H2O (g)







C-H oxidation reactions with the metal oxides of Mn, Cr, or Os generally suffer from low 
yields and reaction times of several days (Table 1.1).6–8 In addition to suboptimal 
reactivity properties, the hazardous waste generated requires special processing and 
storage that could have long-term, negative impacts on natural resources. Peroxybenzoic 
acids and dioxaranes have also demonstrated C-H bond oxidation capabilities.9–11 
Selectivity issues, however, can arise with peracids due to the potential for hydroxyl 
radical production from homolysis of the O-O bond.12 Dioxaranes serve as “O” atom 
donors under mild conditions, however, their use outside of a laboratory setting seems 
unlikely given the instability of the reagent.13   
Table 1.1 Alkane oxidation by metal oxides 
a percent yields based on percentage of reactant converted to product b percent yield based on amount of 
oxidant consumed 
 











H2O, pH = 12b
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Chemists continue to search for new methods of selective C-H bond oxidation. The 
ideal reagent would function catalytically, provide selective oxidation, perform the 
reaction under mild conditions, and utilize stable and non-toxic reagents. Molecular 
oxygen is one such reagent that has the potential to serve as a readily available oxidizing 
reagent that does not typically generate hazardous waste products and is relatively stable 
under standard conditions. There are challenges and limitations however, that have to be 
overcome in order for oxygen to be used as an oxidizing reagent under ambient 
conditions.  
The first challenge to the direct reaction of O2 with organic compounds is the high 
activation barrier of the reaction. This barrier is of course what allows us to exist in an 
oxygen rich atmosphere without spontaneously combusting. While combustion reactions 
are generally energetically downhill (i.e. thermodynamically favorable), these reactions 
do not occur at ambient temperature and pressures at any reasonable rate. Although O2 is 
a triplet di-radical in the ground state (Figure 1.1), it does not show the same reactivity 
properties as other oxygen based radicals that have much lower activation barriers to the 
reaction with singlet organic molecules. This is likely due to the strong p bonding system 







Figure 1.1. Molecular orbital diagram of O2 
 
A direct reaction with singlet organic molecules, however, can be elicited by 
photochemically exciting oxygen from its triplet ground state to the singlet excited state. 
There are two methods for singlet oxygen generation, which include the direct irradiation 
with hn or chemical generation with a peroxide or peracid.15 Although singlet oxygen has 
been reported in the literature as a synthetic tool, particularly in the field of natural 
product synthesis16, its application towards unactivated C-H bonds is unlikely due to the 
proposed reaction mechanism (Figure 1.2). Singlet oxygen is most reactive towards 
alkenes or weak C-H bonds and results in the formation of hydroperoxide, endoperoxide, 
















Figure 1.2. Proposed mechanism of singlet O2 (1O2) with alkenes. Adapted from 
reference 17. 
 
Due to the limitations of directly reacting O2 with organic molecules, much of the 
research in O2 activation has focused on the reaction of O2 with open shell transition 
metals in order to generate metal-oxygen species that are reactive with the C-H bonds of 
organic compounds. The first report of such a reaction in the literature dates back to a 
communication by Edmund Davy published in the Proceedings of the Royal Society of 
London in 1815. In this paper, Davy notes the oxidation of ethanol to acetic acid in the 
presence of platinum salts.18 While the interest in O2 activation for organic 
transformations has persisted for over a century, it garnered additional interest upon the 
discovery of metal containing oxygenase enzymes such as catechol oxidase and 
cytochrome-P450 in the 1950’s.19–22 Since then, much effort has gone into modeling the 
chemistry of these enzymes in order to understand the mechanism of O2 activation and C-
H bond oxidation, in the hopes that it might lead to relevant catalysts for the selective 
oxidation of C-H bonds under ambient conditions.  
The reaction of O2 with reduced transition metals such as iron, copper, or cobalt23–25 
can result in the production of reactive oxygen species, such as superoxide and hydroxyl 











oxidations challenging. The generation of these reactive species can be initiated by the 
one electron reduction of O2 to superoxide or the reaction of redox active cofactors such 
as tetrahydrobiopterin or thiols with O2. In both cases, hydrogen peroxide is generated 
(Equations 1.5-1.8), which can react further with the metal to initiate Fenton chemistry 
and ultimately generate hydroxyl radicals, as shown in equations 1.9 – 1.13.26 
 
 
In the presence of a transition metal, the reduction of O2 can result from inner or outer 
sphere electron transfer from the reduced metal to O2, resulting in the one electron 
oxidation of the metal and superoxide generation. In the presence of a proton source, the 
superoxide anion is known to disproportionate and generate hydrogen peroxide according 
to equations 1.5 – 1.8.27,28  
O2- + H+ (1.5)HO2
O2- + HO2 (1.6)O2 + HO2-
2 HO2 O2 + H2O2 (1.7)
2 O2- + 2 H+ (1.8)H2O2
 KpH 7 = 4 x 1020
FeII + H2O2 (1.9)FeIII + OH + OH-
FeIII + H2O2 (1.10)FeII + HO2 + H+
FeII + OH (1.11)FeIII + OH-
FeIII + HO2 (1.12)FeII + O2 + H+




Multiple factors affect the favorability of O2 reduction to superoxide in the presence of 
a redox active metal including solvent, pH, and the MIII/II redox potential. A comparison 
of the redox potentials of O2 in water and acetonitrile shows that in moving from a protic 
solvent such as water (pH of 7) (Figure 1.3), to an aprotic solvent such as acetonitrile 
(pH of 10) (Figure 1.4), the redox potential for the single electron reduction of O2 to 
superoxide shifts to more negative potentials by approximately 140 mV, decreasing the 
thermodynamic favorability of the one electron reduction of O2 in aprotic solvents.29 
Analysis of Figures 1.3 and 1.4 further shows the effect of pH on the reduction potentials 
of O2. The reduction of O2 to superoxide and hydrogen peroxide becomes increasingly 
thermodynamically unfavorable with increasing pH. As a result, the presence of water or 







Figure 1.3. Redox potentials for the reduction of O2 to H2O in water at pH values of 0, 7, 






Figure 1.4. Redox potentials for the reduction of O2 to H2O in acetonitrile at pH values 
of -8.8, 10, and 30.4. Adapted from reference 29. 
The metal redox potential has similarly been demonstrated to affect the kinetics of the 
autoxidation of coordinatively saturated metals in the 2+ oxidation state. The autoxidation 
kinetics of a series of six-coordinate RuII amine complexes were studied and the rate of 
autoxidation correlated to redox potential. The potentials of the chosen complexes 




between the redox potential and the rate of autoxidation. Decreasing RuIII/II redox 
potentials resulted in increased rates of autoxidation.31 A similar trend was demonstrated 
for a series of six coordinate CrII complexes with either bipyridyl or phenanthroline based 
ligands.32 
Other sources of Fenton chemistry initiation include the addition of a redox active 
cofactor such as tetrahydrobiopterin or thiol. Each of these cofactors oxidize in the 
presence of O2 and generate hydrogen peroxide (Figure 1.5).33–35 Tetrahydrobiopterin is 
oxidized to the quinonoid dihydropterin, and thiol oxidation results in the formation of 
disulfides. Attempts to perform mono-oxygenase chemistry with these cofactors in the 
presence ferrous iron, has been shown to result in the generation of hydroxyl radicals that 
are responsible for substrate oxidation rather than a metal based oxidant.36–38 
 
Figure 1.5. Autoxidation of tetrahydrobiopterin and thiols 
 
Despite these challenges, the inorganic community continues to work towards directly 
harnessing the oxidizing power of O2. Many have used O2-activating enzymes as the 
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evolved multiple pathways for O2 activation that suppress the generation of superoxide 
and peroxide species. Even living systems, however, are not immune to deleterious 
autoxidation pathways. The evolution of enzymes such as superoxide dismutase and 
catalase serve to minimize the damage from superoxide and peroxide production. 
1.2 Methods of O2 activation by iron containing enzymes 
The evolution of enzyme oxygenase activity was proposed to be a consequence of the 
increased atmospheric levels of O2 during the Great Oxygenation Event roughly 2.2 
billion years ago during the Paleoproterozoic era.39 Prior to the Paleoproterozoic era, the 
Earth’s atmosphere was estimated to be composed primarily of CO2, CH4, and H2 with 
minor amounts of NH3 and H2S.40–42 This composition stands in stark contrast to Earth’s 
current atmosphere, which is primarily composed of N2 (78%) and O2 (21%). The ancient 
prokaryotes that thrived under these anoxic conditions could not employ O2 as the 
terminal electron acceptor during ATP synthesis, but instead would have relied on 
molecules such as nitrate, sulfate, or CO2.43–45 As atmospheric oxygen levels gradually 
increased, most living organisms increasingly required enzymes that could mitigate the 
deleterious effects of O2. This environmental pressure, over the course of billions of 
years, resulted in the evolution of new oxidative chemistry pathways that were 
unavailable without an oxygen rich atmosphere.39,46 
Iron and copper are the transition metals most commonly found to catalyze O2 
reduction chemistry in biological systems. The high prevalence of iron and copper 
cofactors in oxygenase enzymes is likely a result of multiple factors, including the 




under physiological conditions, kinetic lability, and electrochemical potentials favorable 
for O2 reduction.47–49 In our own bodies, the iron-containing proteins, hemoglobin, 
myoglobin, and cytochrome-c oxidase, perform critical respiratory functions. 
Hemoglobin and myoglobin transport O2 to our cells, and cytochrome-c oxidase catalyzes 
the reduction of O2 to water during ATP synthesis in the mitochondria.  
Iron is commonly found in the ferric form in the terrestrial environment. In the 3+ 
oxidation state, iron has low solubility (owing to oxide formation) and slower ligand 
exchange rates (102 s-1 in water) compared to iron in the 2+ oxidation state (106 s-1 in 
water).50–52 Although these properties decrease the bioavailability of iron, almost all 
organisms have developed strategies for the reduction, transport, and storage of iron. 
These strategies allow organisms to utilize the unique reactivity properties of iron for O2 
activation chemistry. 
This review will focus on those iron-containing enzymes that activate O2 for organic 
oxidation reactions. The activation of O2 for oxidation reactions requires the two-electron 
reduction of the O=O bond. One electron is typically derived from the iron, while the 
second electron can be derived from 1) an adjacent metal center, 2) NADH, 3) the 
substrate itself or 4) a sacrificial organic cofactor. The following sections will discuss 
these four general pathways for O2 reduction and highlight the features that allow these 
enzymes to minimize nonproductive autoxidation (i.e. generation of freely diffusing 




1.2.1 Dinuclear facilitated O-O bond reduction 
A number of oxygenase enzymes have been found to contain a di-iron center at the 
enzyme active site. The two iron centers, located in the interior of a four-a-helical bundle 
motif, are typically separated by 3-4 Å and coordinated by a combination of histidine and 
carboxylate ligands (Table 1.2).53 The iron active sites tend to be oxygen-rich 
environments with a set of carboxylate groups serving as bridging ligands between the 
two iron centers. The di-iron oxygenase enzymes characterized to date catalyze several 
types of transformations including hydroxylation, amine oxidation, C-C bond cleavage, 
phenol oxidation, and desaturation (Table 1.2). Based on current mechanistic hypotheses, 
the intimate details of the O2 activation process vary based on the substrate and type of 
chemical transformation. Differing iron-oxygen intermediates have been proposed for 
enzymes that catalyze hydroxylation reactions and those that catalyze amine oxidation or 
C-C bond cleavage (Figure 1.6). This variety suggests the substrate plays a modulating 
role in the O2 activation process for those enzymes that catalyze amine oxidation or C-C 
bond cleaving reactions. This discussion, however, will focus solely on soluble methane 
monooxygenase due to the lack of direct substrate involvement in the O2 activation 





Table 1.2. Dinuclear non-heme iron enzyme reactions and FeIIFeII coordination 
spheres 
Enzyme Reaction type Ligand set  







































AurF amine oxidation 3H/4C  
[5TBP, 5SP] 
2 µ-1,3-O2C-R 65–67 
CmlI amine oxidation 3H/4C  
[5, 5] 





2H/4C 2 µ-1,3-O2C-R 69 






desaturation 2H/4C  
[5sp, 5sp] 
2 µ-1,3-O2C-R 70,71 
ribonucleotide reductase 
R2 (RNR-R2) 
phenol oxidation 2H/4C  
[4, 5sp] 





Figure 1.6. Proposed reaction mechanisms for (A) aldehyde deformylating oxygenase 
and (B) CmlI. Adapted from reference 53.
 
Soluble methane monooxygenase (sMMO) is a multicomponent bacterial oxygenase 
that catalyzes the selective oxidation of methane to methanol under ambient conditions. 
The components that constitute this enzyme include a 251 kDa, a2b2g2 homodimer, 





























































































subunit,54,74 a 38 kDa reductase protein (sMMOR) that contains both a flavin adenine 
dinucleotide (FAD) and ferredoxin domain for electron transport from NADH to the di-
iron active site,75 and a 16 kDa regulatory protein (sMMOB).76 This enzyme is expressed 
in only a subset of methanotrophic bacteria under copper limiting conditions.77–79 The 
oxidation of methane to methanol by sMMO is the first step in the generation of 
formaldehyde, which feeds into the catabolic and anabolic cellular pathways of 
methanotrophic bacteria.80 Although the native substrate of sMMO is methane, the 
enzyme can promote the oxidation of other hydrophobic and halogenated alkanes, 
suggesting that the active site is able to accommodate substrates with varying van der 
Waals volumes.81–83 This enzyme continues to fascinate scientists due to its ability to 
generate a reactive intermediate capable of oxidizing methane (C-H BDE of 105 
kcal/mole) to methanol without suffering from the additional oxidation of methanol (C-H 
BDE 96 kcal/mole) to formaldehyde or other oxidation products. Many efforts have been 
made to understand how the reactive intermediate is generated and determine the 
electronic structure properties that make the generated iron-oxygen intermediate so 
reactive.  
The di-iron active site of sMMO is located in the hydroxylase component of the 
enzyme. A combination of 57Fe-Mössbauer spectroscopy84–86, EPR spectroscopy86, and 
single crystal X-ray crystallography74 studies have shown that in the as-isolated form of 
the protein, both iron centers are six-coordinate, high-spin ferric sites, which are anti-
ferromagnetically coupled to give an overall diamagnetic two-iron center (Figure 1.7 




sMMOR,82,87 to a weakly ferromagnetically coupled diferrous site (Figure 1.7 HRed), as 
determined by 57Fe-Mössbauer, magnetic susceptibility and integer-spin EPR 
spectroscopies.84–86,88 Reduction of the iron active site is associated with subtle changes 
in the coordination sphere of the di-iron site. An x-ray crystal structure of the di-ferric 
state shows each iron center is six coordinate and bound by a bridging water and bridging 
hydroxide group.74 An X-ray crystal structure of the reduced, diferrous site shows a loss 
of the bridging hydroxide and water ligands and a change in the binding mode of Glu243 
from a terminal carboxylate to a µ-1,1 bridging carboxylate.57 These changes in ligand 
coordination results in an overall change from two six-coordinate sites to two five-









































































































































Unlike many other oxygenase enzymes, the O2 activation process in sMMO is not 
triggered directly by substrate binding to the active site or by allosteric activation. 
Instead, the binding of the regulatory protein, sMMOB, has been shown to be necessary 
for efficient catalysis. In the presence of sMMOB, the overall rate of substrate oxidation 
is increased by a factor of 150, and the amount of quantified propene epoxidation 
product, propene oxide, increased from 40% to 80%.89 The X-ray crystal structure of 
sMMOH with sMMOB bound shows structural changes within the a-subunit of sMMOH 
that appear to affect the active site accessibility of both O2 and substrate to the active 
site.90 Studies of sMMO from Methylococcus capsulatus (Bath) suggest the binding sites 
of sMMOB and sMMOR with sMMOH overlap. The binding of sMMOB to sMMOH 
may play an additional role in preventing additional electron transfer to the active site by 
displacing sMMOR.91 In addition, the binding of sMMOB appears to modulate the 
reduction potential of both iron sites. Redox titrations of sMMOH, isolated from 
Methylosinus trichosporium OB3b, in the presence of two equivalents of sMMOB 
resulted in a 132 mV shift of the midpoint potential (Em) towards more negative 
potentials.89 A similar result was obtained with sMMOH isolated from Methylococcus 
capsulatus (Bath) but with a more modest shift in the midpoint potential (60 mV).92,93 
The interplay of the three proteins in vivo still remains unclear.  
In vitro catalysis studies of sMMOH in the presence of sMMOB are modeled to 
include the formation of at least six kinetically identifiable intermediates during the 




and P*) showing no formal change in the oxidation state of the two iron centers. The 
initial binding of O2 to sMMOH is proposed to result in an enzyme-substrate complex 
termed intermediate O. This intermediate has no truly distinct spectroscopic signatures, 
and its incorporation into kinetic models was a result of O2 dependent studies.94 The 
formation of O is followed by the decay of the g = 16 EPR signal associated with the 
diferrous center.95 Rapid-freeze-quench Mössbauer spectroscopy, however, shows the 
loss of the g = 16 EPR signal does not correspond to the formation of a diferric 
intermediate, but rather a new diferrous intermediate called P*.96 The loss of the 
diferrous EPR signal suggests a change in the nature of the electronic coupling between 
the two Fe(II) centers induced by O2 and is currently interpreted as not requiring any 
formal electron transfer to O2.  
The third kinetic intermediate, P, is detectable by electronic absorption spectroscopy 
and has an absorbance at 700 nm, which is consistent with a ferric-peroxy intermediate.97 
Mössbauer spectroscopy confirmed the identity of intermediate P as a diferric species, 
but the O2 binding mode is unknown due to a lack of Raman or NRVS data. The 
electronic absorption spectrum shows an isosbestic point for the conversion of 
intermediate P into a new intermediate, Q that absorbs strongly at both 330 and 430 
nm.95 The formation of both P and Q as well as the decay of P appear to have a 
dependence on pH and show a moderate H/D isotope effect for their formation.97 It is still 





The kinetic intermediate Q is proposed to be the reactive intermediate that is 
responsible for substrate oxidation. The growth of the peaks at 330 and 430 nm is 
independent of substrate concentration, while their decay is dependent on the 
concentration of substrate.95 Spectroscopic characterization of Q by rapid freeze quench 
Mössbauer studies suggests the two iron centers are further oxidized to two, high-spin 
Fe(IV) centers.98 The binding mode of the oxygen atoms, however, remains an open 
question. A diamond core structure (not shown) was originally proposed for the structure 
of Q based on the Fe-Fe and Fe-O distances determined from EXAFS data, but a recent 
re-evaluation of the XAS data has shown that the originally determined Fe-Fe bond 
length resulted from sample contamination by background metallic iron. New X-ray 
absorption data has been fit to a longer Fe-Fe distance, which is not consistent with a 
diamond core structure, but with at most a single bridging oxygen and a terminal oxo 
group. 
Support for the diamond core structure of Q has also come from recent resonance 
Raman (rRaman) studies.96 The vibrational modes and isotopic shifts observed are 
consistent with an intermediate containing two bridging oxygens in addition to a second 
species containing a single bridging oxygen. The vibrational mode corresponding to a 
single bridging oxygen is proposed to correspond to the enzyme-product complex (T). 
The authors, however, do not adequately explain the appearance of this vibrational mode 
when Q is generated in the absence of substrate. Additionally, the kinetic competence of 
the spectroscopically characterized Q has yet to be shown experimentally. Given the 




substrate the reactive intermediate decays to the diamond core structure and is ultimately 
reduced back to the diferric species by reductants present in vivo.    
The intimate details of the O2 activation process in sMMO still remains unclear, but 
from the studies to date, we can glean several features that make enzymes such as sMMO 
successful in activating O2. The binuclear iron site serves as both a source of electrons for 
the reduction of the O-O bond and may also allow for the first order decay of highly 
reactive intermediates such as Q in the absence of substrate. The presence of this 
available decay pathway could be particularly important for sMMO given that the 
catalytic cycle is not initiated by substrate binding. Without the presence of the second 
nearby iron atom, the generation of the reactive intermediate in the absence of substrate 
could result in hydroxylation of nearby amino acids and thereby compromise the 
protein’s three dimensional structure. Thus, this pathway may serve as a protection 
pathway for an abortive hydroxylation reaction. The other key feature of this enzyme is 
the use of a reductase protein. This protein is necessary for the reduction of the diferric 
site back to the a diferrous center and thereby allowing for the initiation of new catalytic 
cycle. 
1.2.2 Sequential reduction of the O-O bond 
The only group of mononuclear iron enzymes known to activate O2 by sequential 
reduction of the O-O bond are the cytochrome P-450 oxygenase enzymes. These 
enzymes are found in almost every phylogeny on Earth and catalyze a large number of 
chemical transformations, including hydroxylation, epoxidation, and aromatic 




have focused on the P450 enzymes found in prokaryotes rather than eukaryotes. The 
P450 enzymes found in eukaryotes are membrane bound proteins that are difficult to 
purify and isolate in an active form. The prokaryotic enzymes, however, are soluble, 
cytosolic proteins that are more amenable to purification and mechanistic studies. 
 
Figure 1.8. Cytochrome P450 catalyzed reactions. Adapted from reference 99. 
 
The P450 oxygenase enzymes are a three component system consisting of a 
hydroxylase protein, an FAD containing putidaredoxin reductase protein, and a 2Fe/2S 
ferredoxin protein.102 The active site is housed within the hydroxylase component of the 
enzyme and consists of a single iron center coordinated along the equatorial plane by a 
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nitrogen-rich, macrocyclic heme group and axially by a cysteine thiolate ligand (Figure 
1.9 I).103 This gives an overall N4S coordination environment, which is unique among the 
O2 activating enzymes.  
 
Figure 1.9. Proposed mechanism of Cytochrome P-450 oxygenase 
 
In cytochrome P-450 enzymes, the O2 activation process (Figure 1.9) is triggered by 
substrate binding to the active site. The resting state of P-450 is a six-coordinate low-spin 
ferric species that is relatively unreactive with O2 (Figure 1.9 I). Substrate binding results 
in the displacement of an Fe-bound water molecule from the active site (Figure 1.9 II).104 
This conversion from a six coordinate to five coordinate iron species results in a spin 
state change from an S = ½ to an S = 5/2 species.105–108 The low to high spin-state change 









































































transfer from the 2Fe/2S ferredoxin protein (Eo = -196 mV versus NHE) , resulting in 
reduction of the high-spin ferric species to a high-spin, five coordinate, ferrous species 
(Figure 1.9 III) that is reactive towards O2.99,109 
Formation of the five-coordinate, S = 2 species triggers the binding of O2 to the iron 
center and results in the formation of a ferric superoxide species that has been 
characterized by both resonance Raman and 57Fe-Mössbauer spectroscopies (Figure 1.9 
IV).107,110 The ferric superoxide is prone to autoxidation if a second electron is not 
transferred to reduce the superoxide to a peroxide. This requirement suggests that build-
up of the superoxide species is deleterious to efficient catalysis. 
To date, there has been no direct characterization of the intermediates following the 
formation of the ferric superoxide intermediate when using O2 and the native substrate. 
Stopped-flow kinetic studies show no discernable build-up of intermediates after the 
ferric superoxide.111,112 Cryo-reduction has been utilized to artificially reduce the ferric 
superoxide and generate the proposed one electron reduced ferric-peroxy intermediate 
(Figure 1.9 V).113 The resulting species was characterized by EPR as a low-spin ferric-
peroxy species.114 Abstraction of a nearby proton by the ferric-peroxy intermediate, 
results in the formation of a spectroscopically characterized low-spin, ferric-hydroperoxyl 
intermediate (Figure 1.9 VI).115–117 The source of protons is proposed to be either Thr252 
or bulk solvent. A hydrogen bonding network involving Thr252, Gly248, and Asp251is 
thought to promote the transfer of protons to the iron-oxygen intermediates.118  




O-O bond to generate water and a high-valent, iron-oxygen intermediate that reacts with 
substrate (Figure 1.9 VII and VIII).  
To date there has been no characterization of an O2 derived high-valent, reactive 
intermediate along the catalytic cycle. The reactive intermediate has long been proposed 
to be an Fe(IV)-oxo cation porphyrin radical (Figure 1.9 VIII) based on analogy to the 
heme containing enzyme, horseradish peroxidase. The Fe(IV)-oxo cation porphyrin 
radical species that forms along the catalytic cycle of horseradish peroxidase has been 
extensively characterized using multiple biophysical methods.119,120 For cytochrome 
P450, an Fe(IV)-oxo cation radical porphyrin intermediate has been generated and 
characterized by electronic absorption, 57Fe-Mössbauer, and EPR spectroscopies, but this 
intermediate was generated using the per-acid, m-CPBA, in the absence of substrate.121  
Some have proposed an Fe(V)-oxo as the reactive intermediate (Figure 1.9 VII).122  
The absence of substrate makes feasible the decay of an Fe(V)-oxo intermediate to the 
Fe(IV)-oxo cation radical porphyrin. A comparison of epoxidation  and hydroxylation 
rates for a series of Fe(V)-oxo and Fe(IV)-oxo cation radical porphyrin model complexes 
shows the Fe(V) species reacts with substrates such as cyclohexene, cyclooctene, and 
ethylbenzene at rates up to four orders of magnitude faster than the Fe(IV) complexes and 
with rates comparable to the enzyme.122 Although the exact identity of the reactive 
intermediate remains contentious, it is agreed that a high-valent iron-oxo species is 
responsible for substrate oxidation. 
The cytochrome P450 oxygenases are able to generate a powerful and versatile oxidant 




network at the active site. The use of electron transport proteins allows for the sequential 
addition of electrons to the active site and prevents loss of superoxide by reduction to 
peroxide. The proton shuttle from the exterior of the protein to the active site allows for 
the facile formation of the hydroperoxyl adduct and ultimately heterolytic cleavage of the 
peroxide bond. In addition, the aromatic porphyrin ring appears to play an important role 
in stabilizing the formal Fe(V)-oxo generated during the catalytic cycle. 
1.2.3 Substrate mediated O2 activation 
The third method of O2 activation requires the direct involvement of the substrate to 
facilitate O-O bond cleavage due to the absence of an external electron source. Enzymes 
in which the substrate is involved in the O2 activation process include the catechol 
dioxygenases, Rieske dioxygenases, isopenicillin N-synthase (IPNS), 2-
hydroxyethylphosphonate dioxygenase (HEPD) and thiol dioxygenases, among others. 
For each of these enzymes, the mechanism of O2 activation is dependent on the nature of 
the substrate. The catechol dioxygenases and Rieske dioxygenases both oxidize aromatic 
compounds and are proposed to generate peroxy-bridged adducts between the substrate 
and the metal. Both IPNS and HEPD are proposed to facilitate O-O bond cleavage by H 
dot abstraction from the substrate to form a ferric-hydroperoxyl intermediate that further 
reacts with the substrate. The mechanism of the thiol dioxygenases is still an open 
question, but is proposed to also form a peroxy-bridged intermediate. 
Catechol dioxygenases The catechol dioxygenases are C-C bond cleaving enzymes 
commonly found in soil bacteria. These enzymes fall into two categories: the extradiol 




iron, iron coordination sphere, and resulting product. Each class catalyzes the C-C bond 
cleavage of catechol containing substrates. The extradiol dioxygenases cleave the C-C 
bond adjacent to the catechol hydroxyl groups, while the intradiol dioxygenases cleave 
the C-C bond between the two hydroxyl groups (Figure 1.10).124 
 
Figure 1.10. Extradiol and intradiol cleavage products 
 
The difference in product outcomes between the two classes of enzymes is thought to 
be influenced by the differences in the iron active site. In the resting state, the intradiol 
dioxygenases consist of a high spin ferric center coordinated by two histidines , two 
tyrosines, and a water or hydroxyl group in a distorted trigonal bipyramidal geometry 
(Figure 1.11 I).125 Substrate binding via the two deprotonated catechol hydroxyl groups 
results in the displacement of a tyrosine residue and water molecule, leaving a five 
coordinate distorted square pyramidal iron center (Figure 1.11 II).125 By comparison, the 
resting state of the extradiol dioxygenases consists of a high-spin ferrous center 
coordinated by two histidine ligands, a glutamate carboxylic acid group, and two water 
molecules giving rise to a distorted square pyramidal geometry (Figure 1.12 I).126 The 
catechol substrate binds via the same bidentate mode as the intradiol dioxygenases 


















arms in the intradiol dioxygenases may serve to lower the barrier to intradiol versus 
extradiol cleavage.129 The preference for intradiol versus extradiol cleavage, however, 
remains on ongoing area of investigation.130 
 




























































Figure 1.12. Proposed catalytic mechanism for the extradiol dioxygenases. 
 
The overall method of O2 activation is similar between these two classes of catechol 
dioxygenases. In the intradiol dioxygenases, the O2 is thought to initially attack the 
coordinated catechol substrate, resulting in a peroxy-bridged intermediate (Figure 1.11 
III) that decomposes to an anhydride intermediate (Figure 1.11 IV).125,131 In the extradiol 
dioxygenases, the O2 initially reacts with the Fe(II) center to generate a proposed ferric-
superoxide species (Figure 1.12 III). The ferric superoxide performs an electrophilic 
attack resulting in a similar peroxy-bridged intermediate (Figure 1.12 IV) that then 
decomposes to a lactone intermediate (Figure 1.12 V).132–134 In each case, the activated 
catecholate substrate serves as a source of electrons to facilitate the reduction and 
cleavage of the O-O bond. 
Rieske dioxygenases The Rieske dioxygenase and monooxygenase enzymes such as 



























































similarly proposed to facilitate O-O bond cleavage by formation of a peroxy-bridged 
intermediate between the aromatic substrate and the mononuclear iron center during the 
hydroxylation of their aromatic substrates. Similar to cytochrome-P450, the Rieske 
dioxygenases are also multicomponent enzymes consisting of a reductase protein, 
ferredoxin protein, and a hydroxylase protein.135 Progress in the study of Rieske 
oxygenases has been slow compared to other mononuclear iron systems due to the 
presence of a 2Fe-2S Rieske cluster in addition to the mononuclear non-heme iron center 
in the hydroxylase protein. Spectroscopic signals from the mononuclear iron center are 
often masked by the Rieske center, hampering mechanistic progress. Magnetic circular 
dichroism and nuclear resonance vibrational spectroscopies, however, have proven useful 
spectroscopic techniques for studying the active site of these enzymes. 
The active site of the Rieske dioxygenases characterized to date consists of a ferrous 
center coordinated by two histidine residues, one aspartate, which may be bound either 
bidentate or monodentate, and two water ligands in the remaining coordination sites 
(Figure 1.13 I).136,137 Substrate binding results in the displacement of one of the water 
molecules followed by reduction of the Rieske cluster (Figure 1.13 II and III).138,139 The 
presence of both the reduced 2Fe-2S cluster and substrate initiates the O2 activation 
process. Binding of O2 to the Fe(II) center generates a proposed ferric superoxide 
intermediate (Figure 1.13 IV) that reacts with the substrate to form a proposed peroxy-
bridged intermediate (Figure 1.13 V). Transfer of another electron from the Rieske 
cluster to the mononuclear site results in cleavage of the O-O bond and ultimately the cis-





Figure 1.13. Proposed mechanism of Rieske dioxygenases 
 
IPNS and HEPD Enzymes such as IPNS and HEPD utilize neither a cofactor or an 
aromatic substrate to facilitate O-O bond cleavage. Instead, each enzyme is proposed to 
generate a ferric superoxide that abstracts a hydrogen atom from the substrate in order to 
initiate the O2 activation process. Iron-oxygen intermediates have been characterized 
along the catalytic pathway of each enzyme allowing insight into the O2 activation 





























































Figure 1.14. Oxidative cyclization reaction catalyzed by IPNS 
 
The enzyme IPNS catalyzes the oxidative cyclization of the tripeptide δ-(L-α-
aminoadipoyl)-L-cysteinyl-D-valine (ACV) to isopenicillin-N (IPN) (Figure 1.14).141 
The proposed catalytic mechanism is shown in Figure 1.15. Crystallographic and 
spectroscopic data suggest the substrate, ACV, displaces a glutamine residue and binds to 
the iron center via the cysteine sulfur (Figure 1.15 II).142–144 The reaction with O2 
generates a ferric superoxide species, which has been characterized by Mössbauer 
spectroscopy (Figure 1.15 III).145 The superoxide is reduced to a hydroperoxyl species 
by abstraction of a hydrogen atom from the substrate (Figure 1.15 IV). Similar to the 
cytochrome P450 enzymes, a proton is abstracted from the substrate, which results in 
cleavage of the O-O bond and generation of a spectroscopically characterized Fe(IV)-oxo 
intermediate (Figure 1.15 V-VI).145 An Fe(IV)-oxo is generated rather than Fe(V)-oxo as 
a result of the one electron reduction of the iron by the sulfinyl radical generated after the 
first hydrogen atom abstraction step. The Fe(IV)-oxo intermediate is proposed to perform 
a second hydrogen atom abstraction that results in the final cyclization reaction rather 
























Figure 1.15. Proposed catalytic mechanism of IPNS 
 
The enzyme HEPD also performs O2 mediated substrate oxidation in the absence of a 
cofactor or input of electrons. The intimate details of the substrate oxidation mechanism, 
however, are still not well understood. HEPD oxidizes the substrate 2-
hydroxyethylphosphonate to hydroxymethylphosphonate and formate (Figure 1.16).147 
One oxygen atom is incorporated into formate and the second into the 
hydroxymethylphosphonate. Studies with 18O2, however, show only 60% incorporation of 
the 18O label into hydroxymethylphosphonate suggesting bulk water may also perform 

































































































Figure 1.16. C-C bond cleaving reaction catalyzed by HEPD 
 
The current proposed catalytic cycle for HEPD is shown in Figure 1.17. Similar to 
IPNS, the initial reaction with O2 is proposed to generate a ferric superoxide that 
abstracts a hydrogen atom from the C2-carbon of the substrate (Figure 1.17 II).148 The 
ferric-hydroperoxyl intermediate generated (Figure 1.17 III) is proposed to react with the 
substrate radical resulting in homolytic cleavage of the O-O bond and generation of a 
spectroscopically characterized Fe(IV)-oxo (Figure 1.17 IV).149 The Fe(IV)-oxo 
intermediate is proposed to abstract a hydrogen atom bound to an oxygen rather than 
carbon as is common for other biological Fe(IV)-oxo intermediates (Figure 1.17 V). The 
oxygen generated radical rearranges resulting in cleavage of the C1-C2 bond and 
generation of a methyl radical (Figure 1.17 VI). This methyl radical is proposed to either 
recombine with the iron-bound hydroxide or react with another water molecule at the 



















Figure 1.17. Proposed catalytic mechanism of HEPD 
 
Thiol dioxygenases A small number of mononuclear non-heme iron enzymes function 
on sulfur containing substrates and include the thiol dioxygenase enzymes, cysteine 
dioxygenase, cysteamine dioxygenase and 3-mercaptopropionic acid dioxygenase. Each 
of these enzymes oxidizes the corresponding thiol to a sulfinate group (Figure 1.18).152 
Little is known about the mechanism of these enzymes, and no intermediates have yet 
been identified along the catalytic cycle. The substrate is assumed to bind to the iron in a 
bidentate manner through the thiol group and either amine or carboxylate group 
depending on the substrate. The addition of cysteine to cysteine dioxygenase does results 
in the appearance of two doublets in the 57Fe-Mössbauer spectra.153 This observation has 















































































shift is lowered from 1.30 mm/s to 0.80 mm/s in the presence of substrate suggesting the 
thiol sulfur may bind to the iron.   
 
Figure 1.18. Sulfur oxidation reactions catalyzed by the thiol dioxygenases (A) cysteine 
dioxygenase (CDO), (B) cysteamine dioxygenase (ADO), and (C) 3-mercaptopropionic 
acid dioxygenase (3MPDO). 
 
The current proposed catalytic mechanism of cysteine dioxygenase is shown in Figure 
1.19.154 The initial O2 dependent step is proposed to be O2 binding to the iron resulting in 
a ferric superoxide species (Figure 1.19 II). The ferric superoxide is proposed to perform 
an electrophilic attack at the sulfur, generating a peroxy-bridged intermediate (Figure 
1.19 III) that decomposes to an Fe(IV)-oxo and a coordinated persulfenate (Figure 1.19 
IV). Computational studies have suggested that in order for “O” atom transfer to occur 
from the Fe(IV)-oxo to the sulfur, a geometric rearrangement must occur in which the 
oxygen is coordinated rather than the cysteine sulfur (Figure 1.19 V).155 This would 
allow for “O” atom transfer and generation of the sulfinate product. Additional studies 





































Figure 1.19. Proposed mechanism for cysteine dioxygenase. 
 
To summarize, oxygenase enzymes that undergo substrate mediated O2 activation 
generally require an electron rich, redox active substrate such as catechol, as in the case 
of the intra- and extradiol dioxygenases, or other aromatic substrates, as in the case of the 
Rieske dioxygenases. This component, however, appears to not be essential. The enzyme 
HEPD is an outlier among this category of enzymes and catalyzes the cleavage of an 
alkyl phosphonate group rather than aromatic or sulfur-containing substrate. In each case, 
however, both the Fe(II) center and substrate serve as electron sources in the two electron 


































































1.2.4 Cofactor mediated O2 activation 
The fourth method of O2 activation utilized by iron containing oxygenase enzymes is 
cofactor-mediated O2 activation. Two classes of mononuclear iron enzymes utilize this 
method of O2 activation; these include the pterin-dependent hydroxylases and 2-oxo-
glutarate (a-KG) dependent oxygenases. These classes of enzymes utilize the biological 
cofactors tetrahydrobiopterin and a-KG, respectively, to serve as a sacrificial reductant 
and promote O-O bond cleavage and formation of a high-valent intermediate.  
Pterin-dependent hydroxylases The pterin-dependent hydroxylases are a small class 
of non-heme iron enzymes and consist of only three enzymes: phenylalanine hydroxylase 
(PheH), tyrosine hydroxylase (TyrH), and tryptophan hydroxylase (TrpH). Each enzyme 
hydroxylates the corresponding aromatic amino acid (Figure 1.20).156 Of the three 






Figure 1.20. Aromatic amino acid hydroxylation reactions catalyzed by (A) tyrosine 
hydroxylase (TyrH), (B) phenylalanine hydroxylase (PheH), and (C) tryptophan 
hydroxylase (TrpH). 
 
Initiation of the catalytic cycle requires the presence of both substrate and 
tetrahydrobiopterin for productive catalysis.156,157  The overall mechanism for 
phenylalanine hydroxylase is shown in Figure 1.21. Binding of both substrate and 
cofactor results in loss of a water molecule to generate a five-coordinate, square 
pyramidal complex (Figure 1.21 III).158,159 Due to the high reactivity with O2 of the 
tetrahydrobiopterin cofactor in the absence of iron,160 it is proposed that the initial 
reaction with O2 occurs at the pterin rather than iron, followed by the formation of a 
peroxy-bridged intermediate (Figure 1.21 IV). The exact mechanism or identity of this 
intermediate, however, remains an open question. The decomposition of the peroxy-









































Fe(IV)-oxo and the C4a-hydroxylated pterin.161–163 The Fe(IV)-oxo generated is 
responsible for phenylalanine hydroxylation to tyrosine.  
 
Figure 1.21. Proposed mechanism of the pterin-dependent hydroxylase, phenylalanine 
hydroxylase 
 
a-KG dependent oxygenases The a-KG dependent oxygenases are a diverse class of 
enzymes that catalyze a range of oxidation reactions including hydroxylation, 
demethylation, desaturation, ring expansion, and ring formation.164 These enzymes 
activate O2 by coupling the reduction of O2 with the oxidative decarboxylation of a-KG 


























































































































one of the more extensively studied enzymes of this class, and the proposed catalytic 
mechanism is shown in Figure 1.22.  
 
Figure 1.22. Proposed mechanism of the a-KG dependent oxygenase, TauD 
 
The resting state of TauD consists of a high-spin ferrous center coordinated by two 
histidine residues, an aspartate carboxylate group, and three water molecules bound in the 
remaining sites (Figure 1.22 I).167,168 The addition of a-KG to the ferrous enzyme results 
in the appearance of an absorption feature at 530 nm (e = 140 M-1cm-1)169 and is a result 
of the bidentate binding of a-KG to the iron center via the C1-carboxylate and C2-









































































substrate taurine to the TauD/FeII/a-KG complex results in displacement of the bound 
water to give a five-coordinate square pyramidal iron center (Figure 1.22 III).171  
The only intermediate characterized along the reaction pathway to date is an Fe(IV)-
oxo (Figure 1.22 V) and is proposed to be the intermediate responsible for substrate 
oxidation. This intermediate has been characterized by both rRaman172 and Mössbauer 
spectroscopy173 for TauD and has been found to occur along the catalytic cycle of other 
a-KG dependent oxygenases.174–177 The decay rate of the Fe(IV)-oxo was shown to be 
slowed by a factor of 30 when deuterated substrate was used during catalysis providing 
further evidence of the direct involvement of the Fe(IV)-oxo intermediate in C-H bond 
oxidation.178 
The identities of the intermediates leading up to the formation of V have still not been 
determined experimentally. The initial reaction with O2 is proposed to generate a ferric 
superoxide (Figure 1.22 IV) based on the proposed catalytic cycles of other iron 
oxygenase enzymes. The reaction of superoxide with a-KG ultimately leads to the 
cleavage of the C1-C2 bond and incorporation of one O2-derived oxygen atom into 
succinate and the other into the product. This observation has led to the hypothesis that 
superoxide performs a nucleophilic attack at the C2 position of a-KG and leads to 
cleavage of the O-O bond. 
In summary, the use of a cofactor such as tetrahydrobiopterin or a-KG allows for 
coupling between O2 reduction and cofactor oxidation. In the absence of substrate and 
cofactor, both Fe(II) centers show sluggish reaction rates with O2, but the addition of both 




1.3 Translating enzyme chemistry into model chemistry – general 
considerations 
The field of bioinorganic chemistry initially began as a way to examine the electronic 
structure and reactivity properties of metal-containing proteins such as the ones discussed 
in the Section 1.2. Much of the initial work was focused on developing structural models 
in order to determine the identity and number of ligands coordinated to these metal 
centers. Working with model complexes allowed for those in the field to overcome issues 
related to the spectroscopic characterization of metal containing proteins including the 
isolation of proteins in high yield and background fluorescence from the protein. 
Structural models allowed for easier incorporation of isotopic labels and modifications to 
coordinating ligands. A comparison of spectroscopic signals from model complexes and 
enzymes aided in the assignment of coordinating ligands for many metalloenzymes, 
including cyctochrome-P450.179  
An additional goal of the bioinorganic community was the development of functional 
models of metal containing enzymes. This aim, however, has proven more difficult. The 
lack of protein scaffold was originally touted as a benefit of model chemistry that would 
allow for an understanding of the innate reactivity properties of the metal site.179,180 As 
the scientific community has learned more about enzyme function and the importance of 
protein dynamics to catalysis, we have gained a better understanding of the importance of 
the protein scaffold for O2 activation chemistry. In developing functional models of O2 





The presence of a protein matrix allows for controlled access of substrates and 
cofactors to the metal active site and is often regulated by conformational changes in the 
protein. By regulating access to the active site, enzymes can ensure that both substrate 
and cofactor (when required) are present prior to the reaction with O2. This control 
ensures that reactive intermediates are not generated in the absence of substrate 
(uncoupling), which could result in unwanted hydroxylation of nearby amino acid 
residues and inactivation of the enzyme. In model systems, regulation of access to the 
metal site is less straightforward and there is a limited ability to order the binding of 
substrates and cofactors. This lack of management can result in formation of iron-oxygen 
species without the presence of substrate or the reaction of O2 with the metal prior to the 
binding of a cofactor. 
Proteins also possess the ability to regulate electron transfer to the active site, which is 
important for the sequential reduction of the O-O bond in those enzymes that do not 
utilize a cofactor. In a homogenous model system, the transfer of an electron to the Fe-O2 
unit cannot be regulated kinetically, making sequential reduction of the O-O bond 
difficult. As noted in cytochrome-P450 oxygenase, the inability to further reduce a ferric-
superoxide species to a ferric-peroxy species can result in loss of superoxide and 
generation of hydrogen peroxide. 
Secondary sphere amino acids also play an important role in modulating the chemistry 
of enzymes. Substrate interactions with these residues allows for orientation of the 
substrate for stereochemical selectivity. In a model system, it can be more difficult to 




interactions with substrate that may favor certain C-H bonds over others. The amino acids 
in the secondary sphere can also serve as proton sources in the O-O reduction process, 
such as in cytochrome P-450 oxygenase. Addition of a proton source, to homogeneous 
catalytic systems however, can serve to catalyze Fenton chemistry rather than assist in 
heterolytic cleavage of the O-O bond.  
The protein scaffold surrounding the metal center also plays an important role in 
preventing deactivation of the catalytic site through dimerization. A common method of 
catalyst inactivation is dimerization to form a ferric µ-oxo species that does not support 
O2 activation chemistry. This method of inactivation is unavailable to iron oxygenase 
enzyme systems due to the large protein matrix surrounding the metal center. When 
developing model systems, however, this deactivation pathway must be considered. 
Early model systems consisted of ferrous salts, a chelating ligand, cofactor, and O2 and 
were tested for their ability to carry out the oxidation of C-H bonds. The presence of 
oxidation products was often taken as an indicator of enzyme-like oxygenase chemistry. 
The oxidation of organic substrates, however, should not be the sole criterion for the 
assessment of functional models of O2 activating enzymes. The model system developed 
by Udenfriend consisted of ferrous iron salts, ethylenediaminetetraacetic acid (EDTA), 
ascorbic acid, and O2 in a phosphate buffer (pH 5.5). This system was demonstrated to 
hydroxylate tyramine, acetanilide, and quinoline to 3,4-dihydroxyphenethylamine, ortho 
and para-hydroxyacetanilide, and 3-hydroxyquinoline respectively.181  It was later 
demonstrated that the oxidant in this system was a hydroxyl radical rather than a metal 




The hydroxyl radicals produced as a result of Fenton chemistry can abstract hydrogen 
atoms with C-H bond strengths as high as 119 kcal/mole and at rates between 108 and 109 
M-1s-1.185 The reaction of hydroxyl radicals with alkanes gives rise to alcohol, ketone, and 
hydroperoxyl products according to equations 1.14 – 1.17.186–188 The presence of 
hydroperoxyl products in combination with a 1:1 ratio of alcohol:ketone are particularly 
indicative of a freely diffusing radical based oxidant rather than a metal based one.189 
 
There are multiple methods of assessing whether oxidation products are the result of a 
metal-based oxidant or freely diffusing radicals. The presence of hydrogen peroxide 
indicates the generation and disproportionation of superoxide and the likely initiation of 
Fenton chemistry. The addition of a radical scavenger such as dibutylhydroxytoluene 
(BHT), diphenylamine, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO), or D-ribose 
can further be used to assess whether freely diffusing radicals are being generated during 
the reaction. The radical scavengers, however, have to be added in sufficient enough 
quantities to compete with the substrate in the bimolecular reaction with the generated 
radicals.190 
The use of alternative oxidants such as “O” atom donors (OAD) or mechanistic probes 
such as 2-methyl-1-pheny-1-2-propyl hydroperoxide (MPPH) can further be used to 
determine whether a metal-based oxidant is responsible for oxidation products. The 
OH  +  R-H                       H2O  +  R                                             (1.14)
R  +  O2                            R-OO                                                   (1.15)
R-OO  +  R-H                   R-OOH  +  R                                        (1.16)




addition of OADs to ferrous porphyrin complexes has been shown to generate Fe(IV)-
oxo species capable of oxidizing C-H bonds.191,192 If a system is oxidizing substrates via 
an Fe(IV)-oxo, then the product distribution when O2 is used as the oxidant should be 
similar to the distribution when an OAD is used as the oxidant. If significant differences 
are seen in the product distribution then it is unlikely the substrate is being oxidized by a 
metal-based oxidant.193  
Similarly, the mechanistic probe MPPH can be used to determine whether a catalytic 
system is capable of inducing heterolytic cleavage of a reduced peroxy O-O bond and 
generating an Fe(IV)-oxo.190,194 The heterolytic cleavage of MPPH results in the 
generation of an Fe(IV)-oxo and 2-methyl-1-phenylpropan-2-ol (MPP-OL) (Figure 
1.23).The homolytic cleavage of the peroxide bond results in generation of a hydroxyl 
radical and the MPP-OL radical, which undergoes b scission at a rate of 2 x 108 s-1 to 
generate a benzyl radical and acetone. The benzyl radical further reacts to generate 
products easily quantifiable by chromatographic methods. The presence of benzyl 






Figure 1.23. Heterolytic and homolytic cleavage products of MPPH. 
 
The utilization of these methods can aid in the differentiation between catalytic systems 
that generate a metal-based oxidant, similar to oxygenase enzymes, and those that 
promote free radical based oxidation chemistry. The utilization of these mechanistic tools 
should be included when determining the O2 activation mechanism of ferrous complexes. 
1.4 Mononuclear non-heme iron model complexes 
1.4.1 O2 activation without a cofactor 
Multiple groups have attempted to achieve the reduction of O2 in the absence of 
additional reducing equivalents in order to generate a metal based oxidant for C-H bond 
oxidation. In the absence of a cofactor, the reaction of O2 with ferrous complexes is 





















generate an Fe(III) species and the superoxide anion (Eq. 1.18), or by inner sphere 
electron transfer to generate a ferric superoxide that decomposes to a ferric µ-oxo species 
or a ferric species and H2O2, depending on pH (Eq. 1.19 – 1.23). Early studies showed 
that the rate of Fe(II) autoxidation to Fe(III) in aqueous solutions is influenced by the 
addition of chelating ligands such as pyrophosphates. Presumably the addition of these 
ligands shifted the redox potential of the ferrous center towards more negative potentials, 
thus favoring oxidation to the ferric state. 
 
 
Figure 1.24. Polyaminocarboxylate ligands for ferrous iron autoxidation studies 
 
The autoxidation of ferrous polyaminocarboxylate complexes (Figure 1.24), such as 
FeII(edta), in buffered aqueous solutions has been studied by van Eldik and coworkers, 
FeII  +  O2                          FeIII  +  O2-                                          (1.18)
FeII  +  O2                          FeIII-O2-                                                               (1.19)
FeIII-O2-  +  FeII                 FeIII-O2-FeIII                                         (1.20)
FeIII-O2-FeIII                      2 FeIV=O                                              (1.21)
FeIV=O  +  FeII                  FeIII-O-FeIII                                           (1.22)











































and a complex reaction scheme (Figure 1.25) has been proposed that is dependent on the 
concentration of the ferrous complex, the concentration of O2, pH, and the lability of the 
ligands. In aqueous solutions with pH values ranging from 2 to 6, a ferric µ-oxo species 
is not observed as the end product, but rather a mononuclear ferric species and H2O2. An 
investigation into the autoxidation of FeII(edta) by 57Fe Mössbauer spectroscopy, 
however does provide evidence of the formation of a ferric µ-oxo species in aqueous 
solutions.195 The first Mössbauer spectrum collected after mixing the ferrous complex 
with O2 shows a quadrupole doublet with quadrupole splitting (DEQ = 1.67 mm/s) and 
isomer shift (d = 0.44 mm/s) values consistent with a ferric µ-oxo. The discrepancy in 
these results could be a result of differences in pH. The final pH of the FeII(edta) solution 
prepared for Mössbauer analysis was approximately 7, and the solution was not buffered. 






Figure 1.25. Proposed autoxidation mechanism of FeII-polyaminocarboxylate complexes 
in aqueous solutions. Adapted from reference 196. 
 
In non-aqueous solutions, ferric µ-oxo formation is generally the dominant 
autoxidation pathway for complexes with fast ligand exchange rates. Sterically 
unencumbered, high-spin ferrous porphyrin complexes dissolved in toluene were shown 
to undergo the autoxidation process described by equations 1.19 – 1.22 and give a 4:1 
Fe(II):O2 reaction stoichiometry.197 A peroxy-bridged FeIII-O2-FeIII intermediate was also 
identified by electronic absorption spectroscopy, 1H-NMR spectroscopy, and magnetic 
susceptibility. Electronic absorption spectroscopy shows a clean conversion between the 
FeIII-O2-FeIII intermediate and the ferric µ-oxo, suggesting that the proposed Fe(IV)-oxo 
intermediate does not build up to any appreciable extent during the reaction. 
FeII(L)  +  O2
+ ½ H2O2, H+
FeIII(L)  +  H2O
FeIII(L)(O22-)
+ O2
FeII(L)(O2)   +   H+
FeIII(L)  +  O2-
+ FeII(L)
FeIII(L)-O22--FeIII(L)
+ H+ fast+ H
+
FeIII(L)  +  H2O2 2 FeIII(L)  +  H2O2
FeII(L)(O2H+)





The more sterically encumbered lacunar cyclidene ferrous complexes (Figure 1.26) 
developed by Busch and coworkers are proposed to undergo autoxidation predominantly 
by outer sphere reduction of O2. (Eq. 1.18).198 Only when dissolved in acetonitrile and 1-
methylimidazole used as the axial base, was a ferric superoxide species observed by EPR 
spectroscopy. When either pyridine or chloride was used as the axial base, no ferric 
superoxide species was detected by electronic absorption spectroscopy or EPR 
spectroscopy. The only products observed were mononuclear ferric hydroxide and ferric 
µ-oxo. The authors demonstrated, however, that under basic conditions in methanol an 
equilibrium is established between ferric hydroxide and ferric µ-oxo. This result suggests 
that formation of a ferric µ-oxo species is not sufficient evidence to differentiate between 
an outer or inner sphere autoxidation mechanism and highlights the importance of 
manometry studies in establishing the iron to oxygen reaction stoichiometry.  
 


















A series of polyaminocarboxylate ferrous complexes (Figure 1.27) developed in the 
Caradonna lab further demonstrate the effect of the FeIII/II redox couple on the rate of 
autoxidation. Increasing the number of carboxylate ligands from one to three results in a 
decrease in redox potential with each additional carboxylate ligand.199 The FeIII/II redox 
potentials of [FeII(N2O1)(L)3], [FeII(N2O2)(L)2], and [FeII(N2O3)(L)] are 140 mV, -40 mV, 
and -280 mV (versus NHE) respectively. The observed shift in redox potential is 
postulated to be a result of destabilization of the redox active molecular orbital (RAMO) 
due to the increased electrostatic potential as a result of the increased number of 
negatively charged carboxylate ligands.200 
 
Figure 1.27. Structures of the polyaminocarboxylate N2Ox series of ferrous complexes 
 
The rate of reaction of the ferrous N2O1, N2O2, and N2O3 complexes with O2 in 
methanol was shown to trend with the changes in redox potential. A more negative redox 
potential results in a faster rate of reaction with O2. In the presence of O2, the half-life of 
both [FeII(N2O1)(L)3] and  [FeII(N2O2)(L)2] in methanol is approximately two hours, 
while [FeII(N2O3)(L)] has a half-life of < 60 seconds.199 Following the reaction of these 





























appearance of new absorption bands between 300 and 400 nm. These new species were 
identified as ferric µ-oxo species by X-ray crystallography and infrared (IR) 
spectroscopy. The mechanism of the autoxidation reactions was studied by manometry 
and a 4:1 Fe(II):O2 reaction stoichiometry determined for each of the ferrous complexes. 
These combined data suggest that polyaminocarboxylate complexes autoxidize according 
to Eq 1.19 -1.22 in non-aqueous solvents, similar to ferrous porphyrin complexes. 
In addition to the FeIII-O2-FeIII intermediate characterized by Balch and coworkers, 
other intermediates proposed to occur during the autoxidation of ferrous complexes have 
more recently been spectroscopically characterized, including ferric superoxide and 
Fe(IV)-oxo intermediates. Ferric superoxide intermediates have been characterized 
during the reaction of the complexes [FeII(BDPP)] and [FeII(cyclam)(CH3CN)2] (Figure 
1.28) with O2 at low temperatures. The complex [FeII(BDPP)] reacts with O2 in 
tetrahydrofuran at -80oC to form a new species over the course of fifteen seconds that 
absorbs at 330 nm (e = 9400 M-1cm-1).201 Resonance Raman spectroscopy of the 
intermediate shows a vibrational mode at 1125 cm-1, which is consistent with an O-O 
vibrational mode corresponding to an end on superoxide. Mössbauer spectroscopy further 
confirmed the new intermediate was a high-spin ferric center (S = 5/2) exchange-coupled 
to an S = ½ superoxide anion. The authors, however, do not discuss the decay pathway of 





Figure 1.28. Structures of the FeII(BDPP) and FeII(cyclam)(CH3CN)2 complexes 
 
The reaction of [FeII(cyclam)(L)2] with O2 in acetone at -20oC results in the formation 
of an intermediate with absorption and vibrational properties similar to that observed for 
the [FeII(BDPP)] system.202 The new intermediate formed absorbs at 330 nm (e = 1800 
M-1cm-1) and shows an O-O vibrational mode at 1147 cm-1. Unlike the [FeII(BDPP)] 
system, however, the low-spin [FeII(cyclam)(L)2] complex reacts with O2 to form a low-
spin ferric species (S = ½) antiferromagnetically coupled to an S = ½ superoxide anion. 
In the [FeII(cyclam)(L)2] system, the ferric superoxide was shown to decay to a new 
species that absorbs at 583 nm (e = 198 M-1cm-1) and 690 nm (e = 198 M-1cm-1). A 
combination of X-ray crystallography, Mössbauer spectroscopy, rRaman spectroscopy, 
and EXAFS analysis were used to identify the second intermediate as a low-spin Fe(IV)-
oxo intermediate. Although the authors do not discuss the decay pathway of the Fe(IV)-
oxo intermediate, they describe its formation as a second order process with an inverse 
order dependence on O2 concentration. The presence of both a ferric superoxide and 

















but when the proposed ferric superoxide is generated at -50oC rather than -20oC and 
FeII(cyclam)(L)2] added, the absorbance bands at 583 nm and 690 nm do not appear in 
the electronic absorption spectrum. This outcome suggests Fe(IV)-oxo generation may be 
occurring by a different mechanism. 
Some groups have attempted to develop catalytic systems that utilize ferrous 
complexes without the addition of a reductant to activate O2 for use in C-H bond 
oxidation reactions. Although there are oxygenase enzymes, such as IPNS and HEPD, 
that rely solely on the substrate for providing reducing equivalents, these enzymes do not 
carry out hydroxylation reactions or O atom transfer reactions. To date no ferrous 
catalysts have been demonstrated to activate O2 in the presence of substrates without the 
production of freely diffusing radicals. 
Although ferrous porphyrin complexes have been demonstrated to autoxidize via a 
non-radical pathway, a study of the reaction of the ferrous porphyrin complex 
[FeII(TFPPBr8)Cl] (TFPPBr8 is β-octabromo-tetrakis(pentafluorophenyl)porphyrin) with 
O2 in the presence of 3-methylpentane demonstrated that these complexes are not 
immune to radical based chemistry.193 Analysis of the reaction products after three hours 
showed 1.8 turnovers of the tertiary alcohol and 0.35 turnovers of the ketone product. In 
comparison, when iodosobenzene was used in place of O2 as the oxidant, a combination 
of primary, secondary and tertiary alcohol products were formed, suggesting a different 
oxidant is performing the oxidation chemistry. Addition of the radical scavenger BHT to 




freely diffusing radicals are being produced during the reaction with O2 and are 
responsible for the oxidation products observed. 
The product distributions observed for nonheme iron catalysts are also suggestive of a 
freely diffusing radical oxidant rather than a metal-based oxidant. Table 1.3 shows 
nonheme iron catalytic systems whose oxidation properties have been examined, and 
Figure 1.29 gives the structures of the ligands utilized for these systems. For every 
system studied, either a 1:1 alcohol to ketone product distribution is observed or 
significantly greater amounts of ketone than alcohol are produced, both of which signify 
free radical chemistry. Most of the authors predict that a ferric superoxide is generated 
and is responsible for hydrogen atom abstraction from the substrate.203–206 This chemistry 
results in generation of an FeIII-OOH species and a carbon based radical. The carbon 
based radical most likely reacts with O2 according to equations 1.15-1.17, leading to the 
































































































































































































































































































































































































































































































































































Figure 1.29. Ligands used for model systems shown in Table 1.3 
 
1.4.2 O2 activation in the presence of an acid and reductant 
The inability to achieve heterolytic O-O bond cleavage without the addition of a 
reductant or cofactor prompted some groups to study the reaction of ferrous iron 
complexes with O2 in the presence of a reductant, such as BPh4-, and a proton source, 
such as HClO4. Similar to cytochrome P450 oxygenase, the reductant would serve to 
reduce the ferric superoxide to a ferric peroxide, which forms an FeIII-OOH species in the 
presence of a proton source. If the mechanism of cytochrome P450 oxygenase is 
followed, the FeIII-OOH species could abstract a second proton and the O-O bond break 
heterolytically to give water and an FeV-oxo. If the O-OH bond cleaves homolytically, an 































The ligand systems used for these studies are shown in Figure 1.30 and are all 
exclusively nitrogen-donor ligands. A difference in O2 reactivity is apparent between the 
aromatic pyridine based ligands (L52aH, N4Py, BnTPEN, and TPA) and saturated amine 
based ligands (TMC and TMC-pyr). The pyridine based systems react with O2 in the 
presence of a reductant (BPh4- or NADH analogue) and HClO4 to form a ferric-peroxy 
adduct.210–212 This species was not found to decompose to an FeIV-oxo or FeV-oxo species 
for the pyridine based systems. In the L52aH system, the authors showed by EPR that the 
ferric-peroxy adduct decomposes to a mixture of high spin ferric species, possibly due to 
the loss of H2O2.210 The amine based ligands, TMC and TMC-py both react with O2 in 
the presence of HClO4 and a reductant (NADH analogue and BPh4- respectively) to form 
an FeIV-oxo, as determined by electronic absorption spectroscopy.211,213 The authors, 
however, do not describe the decay pathway of the formed FeIV-oxo species. None of the 
systems were able to demonstrate heterolytic cleavage and formation of an FeV-oxo using 





Figure 1.30. Ligands used in the development of nonheme iron model systems  
 
1.4.3 O2 activation with biological cofactors 
Many groups have sought to develop O2-activating catalysts that mimic the chemistry 
of enzymes that utilize either a sacrificial cofactor, such as the a-KG dependent 
oxygenases, or a redox active substrate such as catechol or a thiol. Although functional 
models of the catechol dioxygenases and thiol dioxygenases may lead to insights about 
the O2 activation process of those enzymes, their versatility as C-H bond oxidation 
catalysts are limited due to the involvement of the substrate in the O2 activation process. 
As such, this review of O2 activation with biological cofactors will focus on models of 
the a-KG dependent oxygenases. Models of the pterin-dependent hydroxylases will not 
be included due to the instability of tetrahydrobiopterin towards O2, thereby complicating 


































enzymes to model and provide the best platform for developing a C-H bond oxidation 
catalyst due to the stability of the a-keto acid cofactor to O2 and the generation of a high 
valent metal oxo that can perform varied organic transformations. 
Few models systems of the a-KG dependent enzymes have been developed to date, 
with the majority of the studies focused on the trispyrazolylborate (Tp) ligand system 
(Figure 1.31). The other ligand systems studied are also shown in Figure 1.31 and are all 
nitrogen-donor ligand systems. No systems to date have reported reactivity with a-KG 
but rather use alternative a-keto acids such benzoylformate. These systems also use only 
one equivalent of the a-keto acid likely due to low solubility in aprotic organic solvents 
such as acetonitrile. A summary of the model systems discussed is shown in Table 1.4. 
 

























TpMe2   R = R’ = Me
TpPh2    R = R’ = Ph


























































































































































































































































































































The first a-KG dependent enzyme model systems were reported in 1992 and were 
developed using the TPA and TLA ligand systems.214 The addition of benzoylformate to 
the ferrous TLA complex resulted in the appearance of a charge transfer band in the 
electronic absorption spectrum at 544 nm (690 M-1cm-1), indicating bidentate binding of 
the benzoylformate molecule. The combination of the tetradentate TLA ligand and 
bidentate benzoylformate cofactor, however, results in a coordinatively saturated 
complex that is likely to have slow reaction rates with O2. The [FeII(TLA)(BF)] was 
found to react with O2 over a seven-day period to produce 0.98 equivalents of benzoate. 
The addition of ten equivalents of 2,4-di-tert-butylphenol resulted in 0.75 equivalents of 
the coupled bisphenol product.216 The complex was unreactive towards cumene and 
cyclohexane suggesting the oxidant generated is either not strong enough or too short 
lived to oxidize these substrates. 
Several groups have studied the ability of the Tp ligand and its derivatives to support 
a-KG dependent oxygenase chemistry. The three pyrazole groups more closely match the 
2His/1Carboxylate coordinative environment of the enzyme compared to the pyridine 
based ligands TPA and TLA. The use of a tridentate rather than tetradentate ligand also 
allows for an open coordination site after the bidentate binding of an a-keto acid. Early 
studies with the 3,5-dimethyl derivative of Tp (TpMe2) suggested the Tp ligand platform 
can support a-KG dependent oxygenase chemistry.215 The FeII(TpMe2) complex was also 
shown to bind benzoylformate via the carboxylate and carbonyl groups to give rise to a 
charge transfer band at 610 nm in the electronic absorption spectrum. The reaction of 




benzoic acid and 0.65 equivalents of cis-stilbene oxide with only trace amount of trans-
stilbene oxide. The reaction of trans-stilbene, however, produced only trace amounts of 
the cis and trans epoxide oxidation products. These results suggest that a metal-based 
oxidant is responsible for the stilbene epoxidation rather than freely diffusing radicals. 
The lack of reactivity with trans-stilbene may be due to restricted access to the metal 
center due to sterics. 
Exchange of the methyl groups on the Tp ligand for isopropyl (Tpi-Pr2) or phenyl 
(TpPh2) groups results in catalysts that suffer from self-hydroxylation.219–221 In the case of 
the [FeII(TpPh2)(BF)], a ferric-phenolate adduct is formed over the course of 30 minutes 
along with 0.8 equivalents of benzoic acid.219,220 Attempts were made to outcompete the 
ligand hydroxylation reaction through the addition of external substrates. The addition of 
thioanisole did prevent formation of the ferric-phenolate adduct, as determined by 
Mössbauer spectroscopy, and resulted in 0.7 equivalents of methyl phenylsulfide after 
one hour. The amount of benzoate however was not quantified. Cyclohexene was found 
to be less efficient at preventing the self hydroxylation reaction, but did decrease the 
amount of the ferric-phenolate species by a factor of four. Interestingly, no alcohol or 
ketone products were observed. The only cyclohexene oxidation product quantified was 
cyclohexadiene, which the authors suggest is a result of two hydrogen atom abstractions 
rather than oxygen rebound to give the alcohol product.222 Higher iron concentrations (1 
mM) and substrate concentrations (2 M) were used to further drive the reaction with 
external organic substrates. Reactions of [FeII(TpPh2)(BF)] with O2 in the presence of 




radical-based rather than metal-based oxidant. The reaction with cyclohexane gave 0.11 
equivalents of cyclohexanol and 0.33 equivalents of cyclohexanone, while the reaction 
with butane gave 0.18 equivalents of butanol and 0.12 equivalents of butanone. 223 
Further evidence of a radical-based mechanism for the phenyl derivatives of the Tp 
ligand, was provided by the reaction of [FeII(TpMe,Ph)] with O2 in the presence of the a-
keto acid phenylpyruvic acid (PHP).224 The authors note decomposition of PHP to 
phenylacetic acid, benzoic acid, and benzaldehyde during the reaction with O2. The two-
carbon reduced benzoic acid and benzaldehyde are likely derived from a phenyl radical. 
These products are also seen during the homolytic decomposition of phenylperacetic 
acid225 suggesting a similar radical-based mechanism is occurring during the reaction of 
[FeII(TpMe,Ph)(PHP)] with O2. 
The bidentate ligands DMBY and DMP have also been used for the development of 
functional models of a-KG dependent oxygenases.217,218 Ferrous complexes of each 
ligand binds two equivalents of benzoylformate. One benzoylformate molecule is bound 
bidentate via one carboxylate and carbonyl oxygens, as evidenced by charge transfer 
bands around 530 nm, and the second is bound bidentate via two oxygen atoms from the 
carboxylate group. This results in coordinatively saturated, six-coordinate complexes. 
The [FeII(DMBY)(BF)2] complex was found to only produce 0.34 equivalents of benzoic 
acid after reacting with O2 for 2 hours.217 The [FeII(DMP)(BF)2] complex did produce 
quantitative amounts of benzoic acid, but the reaction was also analyzed after 20 hours 
rather than two. In the presence of 2,4-di-tert-butylphenol [FeII(DMP)(BF)2] reacted with 




In the Cardonna laboratory, we have developed a biomimetic functional model of the 
a-KG dependent oxygenases using the N2O1 ligand platform discussed in Section 
1.4.1.226 The N2O1 ligand contains two coordinating tertiary amines and a carboxylate 
group, mimicking the facial 2His/1Carboxylate coordination sphere of the a-KG 
dependent oxygenase enzymes. The amine methyl groups provide sufficient steric bulk to 
prevent formation of the bis ligand complex, [FeII(N2O1)2], allowing for three open facial 
coordination sites.199 This coordination environment allows for the bidentate coordination 
of a cofactor such as a-KG, while leaving an open position for the binding of O2. 
Investigation of the a-KG binding properties of [FeII(N2O1)(MeOH)Cl2]- in MeOH 
showed a-KG binds to the Fe center in a 1:1 ratio and results in the appearance of an 
absorbance feature at 500 nm in the electronic absorption spectrum (Figure 1.32).226 The 
energy and intensity of this band matches closely the MLCT band of the a-KG adducts of 
several a-KG dependent oxygenases (Table 1.5). This observation suggests the 500 nm 
peak, which results from a-KG binding to [FeII(N2O1)(MeOH)Cl2]- in MeOH, is a metal-






Figure 1.32 Titration of [FeII(N2O1)(MeOH)(Cl)2]- with increasing molar equivalents of 
[Na][ a-KG] in MeOH. The growth of the chromophore at 500 nm was monitored by 
UV/Vis spectroscopy. Adapted from reference 226. 
Table 1.5. MLCT bands for FeII-aKG models and enzymes 
Enzyme/Complex λmax (nm) εmax (M
-1cm-1) Ref. 

























The reaction of the a-KG adduct, [FeII(N2O1)(a-KG)(L)] (where L is either solvent or 
chloride), with O2 in MeOH results in changes in the electronic absorption spectrum over 
the course of 60 minutes.226 During the course of the reaction, the peak at 500 nm 
decreased, while a new, broad absorption feature grew in between 300 and 400 nm 
(Figure 1.33a). This new species was identified as a ferric µ-oxo species by mass 
spectrometry.226 A comparison of the O2 reactivity properties of the parent FeII(N2O1) 




by a factor of 450 when a-KG is added to the FeII(N2O1) complex in MeOH (Figure 
1.33b).226 The increased rate of µ-oxo formation is assumed to be the result of an 
increased rate of reaction with O2 in the presence of a-KG. 
 
Figure 1.33. A) Reaction of [FeII(N2O1)(α-KG)(CH3OH)] with O2 in MeOH for 60 
minutes. B) Dioxygen reactivity of 0.5 mM [FeII(N2O1)(CH3OH)3]+(black) and 
[FeII(N2O1)(α-KG)(CH3OH)] (red) in methanol.  The growth of µ–oxo formation was 
monitored at 335 nm, and the absorbances were normalized for comparison. Adapted 
from reference 226. 
 
Additional reactivity studies showed the [FeII(N2O1)(a-KG)(L)] complex is mimicking 
the O2 activation chemistry of the a-KG dependent oxygenases.226 The reaction of 
[FeII(N2O1)(MeOH)Cl2]- with O2 in the presence of five equivalents of a-KG in MeOH 
resulted in the formation of four equivalents of succinate after 90 seconds and four 
equivalents of the methanol oxidation product formaldehyde, along with minor amounts 
of the formaldehyde oxidation product formate (Table 1.6).226 Manometry studies 
showed no net change in gas volume during the reaction of [FeII(N2O1)(a-KG)(L)] with 





reaction. In order to ensure the methanol oxidation reaction was not a result of 
autoxidation reactions, the reaction was run in the presence 104 molar equivalents 
(relative to the catalyst) of radical scavengers such as TEMPO and D-ribose. The addition 
of these scavengers to the reaction did not have any significant impact on the quantity of 
C-H oxidation products. These results are consistent with the complex, [FeII(N2O1)(a-
KG)(L)], activating O2 in MeOH via the decarboxylation of a-KG to yield succinate, 
CO2, and formation of a high valent Fe-oxo species that is capable of oxidizing methanol 
to formaldehyde (Figure 1.34).226 
 
Table 1.6. O2 manometry and reactivity results. Adapted from reference 226. 
 
O2 Manometry Fe2+: O2 
[FeII(N2O1)Cl2]- 4:1 
[FeII(N2O1)Cl2]- + 2 eq. 
a-KG 0
a 
Oxidation Products Equiv. per Fe 
Succinic acidb 4.2(0.3) 
CH2Oc 3.9(0.1) 
CHO2Hd 0.4(0.2) 
aCO2 detected by MS bdetermined by 1H-NMR 
cdetermined by calorimetric Nash assay 
ddetermined by reducing to formaldehyde. 
Reaction conditions: 0.1 mM 1, 0.5 mM [Na][a-






Figure 1.34. Proposed catalytic mechanism for the reaction of the FeII(N2O1) with O2 in 
the presence of a-KG in MeOH. Adapted from reference 226. 
 
The ultimate formation of a ferric µ-oxo species during the reaction of [FeII(N2O1)(a-
KG)(L)] with O2 in MeOH suggests an Fe(IV)-oxo species is forming that can react with 
either methanol to produce formaldehyde or with a ferrous species in solution to produce 
a ferric µ-oxo species.226 An analysis of the dependence of the Fe concentration on 
turnover number showed an inverse relationship between the concentration of Fe and 
formaldehyde produced (Figure 1.35). This correlation is consistent with a competition 





































































Figure 1.35 Correlation (R2 = 0.9897) between 1/[Fe] and methanol to formaldehyde 
turnover numbers. Adapted from reference 226. 
 
The C-H bond oxidizing capabilities of the [FeII(N2O1)(a-KG)(L)] complex were 
further investigated by analyzing the reaction with O2 in the presence of organic 
substrates with bond strengths ranging from 95 kcal/mole to 78 kcal/mole (Table 1.7).228 
The catalytic system was found to be competent for a range of transformations including 
C-H bond hydroxylation, alcohol oxidation, allylic oxidation, epoxidation, phenol radical 
C-C bond formation at the ortho and para positions, desaturation, and “O” atom insertion 
and as well as rapidly catalyzing these transformations with high turnover numbers. The 
rate of cyclooctane oxidation is approximated to 4 turnovers per second. A fixed time 














produced after 15 seconds.1 The maximum number of turnovers appears to be achieved 
10 minutes after the start of the reaction.  
Table 1.7. Summary of reactivity studies of [FeII(N2O1)(a-KG)(L)] with external organic 
substrates. Adapted from reference 228. 
Substrate 
(BDE in kcal/mole) 

















Cyclohexene (85) O2 
9.6 
Cyclohexene oxide 132(35) 
520(16) 2-Cylohexen-1-ol 249(22) 
2-Cyclohexen-1-one 70(3) 
    
9.6 
+ TEMPO 
Cyclohexene oxide 53(2) 
414(35) 2-Cylohexen-1-ol 240(19) 
2-Cyclohexen-1-one 60(6) 
2,4-Di-tert-butylphenol (83) O2 9.6 3,3’-5,5’-tetra-t-butyl-2,2’-dihydroxybiphenyl 619(77) 619(77) 
9,10-Dihydroanthracene (78) O2 10.1 
Anthracene 54(16) 
128(12) Anthrone 21(10) 
Anthraquinone 26(6) 
 
The increased rate of O2 reactivity for the [FeII(N2O1)(a-KG)(L)] complex compared to 
the parent FeII(N2O1) complex is postulated to be a result of Gibbs free energy coupling 
between a thermodynamically favorable and unfavorable reaction.226,229 Based on 
experimentally determined redox potentials, the reaction of FeII(N2O1) with O2 to form a 
ferric superoxide is thermodynamically unfavorable, with a DGo of 47 kJ/mole.199 
Although the addition of an a-keto acid such as a-KG or benzoylformate increases the 
 




carboxylate ligation, the redox potential is not significantly perturbed compared to the 
highly reactive FeII(N2O3) complex.199,226 The Gibbs free energy for the formation of a 
ferric superoxide in the presence of an a-keto acid is only lowered to 38 kJ/mole. The 
decarboxylation of a-KG under standard conditions to produce succinate and CO2, 
however, is an exergonic process with a DGo of -129 kJ/mole. Coupling this favorable 
decarboxylation reaction with the unfavorable reaction of [FeII(N2O1)(L)3] with O2 results 
in an overall exergonic process with an estimated DG of -91 kJ/mole.229 Similar to the a-
KG dependent oxygenases, the coupling of O2 reduction to a-KG decarboxylation drives 
the formation of the high-valent intermediate and minimizes the initiation of Fenton 
chemistry.  
The [FeII(N2O1)(a-KG)(L)] complex can adopt six possible geometric configurations 
(Figure 1.36). This flexibility is the result of the three unique open coordination sites of 
[FeII(N2O1)(MeOH)Cl2]- available for binding the asymmetric bidentate ligand, a-KG. 
Calculations of the relative energies of each of the six isomers using the unrestricted 
B3LYP method shows two of the isomers make up approximately 95% of the speciation 
with the other four making up approximately 5% (Table 1.8).229 The isomers found to 
have the lowest energy configurations are b (83%) and a (12%), both of which have the 
N2O1-ligand carboxylate group trans to the a-KG carboxylate group and the water bound 
trans to a nitrogen group. Flipping the orientation of the a-KG, however, to give b’ and 
a’, results in a raising of the energy of each isomer by 2.50 kcal/mole and 1.05 kcal/mole 
respectively and a significant decrease in the overall population of each species. The 




overall population. Both c and c’ have the a-KG bound trans to both of the N2O1-ligand 
nitrogen atoms and the water bound trans to the N2O1 carboxylate group.  
 



































































Table 1.8. Relative energies and distribution of the six isomers of [FeII(N2O1)(a-
KG)(H2O)] calculated using DFT. Adapted from reference 229. 
  uB3LYP 
Isomer Relative Energy (kcal) 
Relative 
Distribution (%) 
a 1.15 12 
a’ 2.20 2.4 
b 0.00 83 
b’ 2.50 1.4 
c 3.27 0.3 
c’ 3.54 0.2 
 
The O2 activation mechanism of each of these isomers has been studied by DFT 
methodology, and the energy of the several intermediates (1-5) along the reaction cycle 
determined (Figure 1.37).229 Overall, each of the six isomers have similar relative 
energies for each of the intermediates analyzed, but subtle differences between the 
isomers could result in different overall activation energies for the formation of the 
Fe(IV)-oxo. The optimization of transition states for each of the transformations is still 
ongoing2, but preliminary estimates for the absolute activation energy (DG‡) energies 
range from 6.09 kcal to 10.4 kcal (Table 1.9). These differences in activation energy 
could result in rates of Fe(IV)-oxo formation that vary by up to an order of magnitude. 
Thus, the isomer with the lowest activation energy will likely be the dominate active 
 





isomer in solution. It remains an open question, however, as to whether the isomer 
predicted to be most populous in solution is also the isomer with the lowest barrier to 
Fe(IV)-oxo formation. 
 
Figure 1.37. Relative energies of intermediates 1-5 for each of the six isomers of 
[FeII(N2O1)(a-KG)(L)] calculated using the unrestricted BP86 DFT functional. Red lines 





Table 1.9. Absolute actication energies (kcal) associated with the transformation of 1 to 5 
and 2 to 5. (—) symbolizes no activation energy as 2 is the highest energy species along 
the reaction coordinate for these cases. Adapted from reference 229. 
Isomer Eact from 1 Eact from 2 
a 8.75 0.15 
a’ 9.47 — 
b 9.25 — 
b’ 10.4 — 
c 6.09 — 
c’ 6.57 1.36 
 
This thesis will discuss 1) the continued development of a kinetic model for the 
reaction of [FeII(N2O1)(a-KG)(L)] with O2 in methanol based on low-temperature 
stopped-flow studies by Dr. Lauren Gregor and the determination of experimental 
activation energies associated with formation of the reactive intermediate, 2) 
spectroscopic studies that aim to understand the effect of a-KG binding on the electronic 
structure properties of [FeII(N2O1)(MeOH)Cl2]- and the relationship to O2 activation, and 
3) preliminary work that aims to experimentally determine the binding orientation of a-






CHAPTER 2: THE MECHANISM OF O2 ACTIVATION BY THE MODEL 
COMPLEX Fe(II)(N2O1)(a -KG): INSIGHTS FROM STOPPED-FLOW UV/VIS 
SPECTROSCOPY AND DFT ANALYSIS 
2.1 Introduction 
The complex [FeII(N2O1)(a-KG)(L)] exhibits O2 activation properties that mimic the a-
KG dependent oxygenases such as 1:1 coupling between a-KG decarboxylation and 
substrate oxidation and a high catalytic turnover rate, which is suggestive of Fe(IV)-oxo 
chemistry. The velut vivum model system uniquely utilizes O2 to catalytically perform C-
H oxidation chemistry. The Caradonna lab is performing mechanistic studies of this 
system in an effort to directly ascertain the O2 activation mechanism of [FeII(N2O1)(a-
KG)(L)]. We also wish to understand why the [FeII(N2O1)(a-KG)(L)] complex is highly 
reactive while other models discussed in Chapter 1 show sluggish O2 reactivity and 
promote C-H bond oxidation primarily through free radical processes. In order to initiate 
these investigations, a detailed understanding of the kinetic mechanism is required. 
The high rate of reaction with O2 and lack of discernable intermediates at room 
temperature presents a challenge for developing a detailed kinetic model. The catalytic 
turnover rate of [FeII(N2O1)(a-KG)(L)] is estimated at approximately four turnovers per 
second.228 This speed suggests a single catalytic cycle is occurring on the millisecond 
time scale at room temperature. Additionally, when the reaction of [FeII(N2O1)(a-
KG)(L)] with O2 in methanol is followed by UV/Vis spectroscopy, no intermediate 
species are detected. Instead, a clean conversion between [FeII(N2O1)(a-KG)(L)] and a 




In order to investigate the intervening species during the reaction of [FeII(N2O1)(a-
KG)(L)] with O2 in methanol, stopped-flow absorbance spectroscopy studies were 
undertaken by Dr. Lauren Gregor.228 The stopped-flow instrument (Figure 2.1), which 
was developed in the 1930’s,230 enables the study of rapid reactions and was pioneered in 
order to determine the presence of and characterize intermediates during enzyme 
catalysis.231 The detection of these short-lived intermediates is accomplished through the 
rapid mixing of two solutions in a mixing cell. The solution then flows to an observation 
cell where the reaction is followed by absorbance or fluorescence spectroscopy. The 
length of the tubing and flow rate between the mixing cell and observation cell 
determines the dead time of the instrument. Dead times as low as 2-5 ms can be achieved 
with proper instrumental conditions. 
 
Figure 2.1. General schematic of a stopped-flow spectrometer for single-mixing mode. 
Adapted from [http://www.hi-techsci.com/techniques/stoppedflow/] 
Studying the kinetics of the reaction of [FeII(N2O1)(a-KG)(L)] with O2 presents 




absorbance spectrum during the course of the reaction requires the kinetics of the reaction 
to be studied by following the change in absorbance of the MLCT band of the a-KG 
adduct, which reacts with O2. The MLCT of [FeII(N2O1)(a-KG)(L)], however, has a low 
extinction coefficient (e500 nm = 125 M-1cm-1) in methanol. The low intensity of the 
MLCT band restricts the lower limit of iron concentrations that can be used for stopped-
flow studies while still achieving reasonable signal to noise ratios. The upper bound of 
iron concentrations that can be used is limited by O2 solubility in methanol, which is 5 
mM after (10 mM prior to) mixing the two solutions in the stopped-flow mixing cell. 
Although the reaction could be studied with the [FeII(N2O1)(a-KG)(L)] complex in 
excess, rather than O2, this condition limits the ability to study the solvent oxidation step 
by stopped-flow methods. At concentrations of [FeII(N2O1)(a-KG)(L)] as high as 5 mM, 
ferric µ-oxo formation will out compete the solvent oxidation reaction. These lower and 
upper limits confine the reaction of [FeII(N2O1)(a-KG)(L)] with O2 in methanol to be 
studied at iron concentrations ranging from 0.5 mM to 1.5 mM.  
The reaction of [FeII(N2O1)(a-KG)(L)] with O2 in MeOH was previously studied by an 
initial set of low-temperature stopped-flow UV/Vis spectroscopic experiments in order to 
examine the single turnover kinetics of the reaction and develop a preliminary 
mechanistic understanding of the O2 activation process.228 The a-KG adduct of the 
[FeII(N2O1)(MeOH)Cl2]- complex was generated prior to loading the solution into the 
stopped-flow instrument. This was done in order to minimize the complexity of the 




performed stopped-flow investigations into the binding of a-KG to 
[FeII(N2O1)(MeOH)Cl2]- in methanol showed the chelate formation occurs as a three step 
process (Figure 2.2).228 By pre-forming the [FeII(N2O1)(a-KG)(L)] complex, the a-KG 
binding steps do not need to be considered during the reaction with O2. 
 
 
Figure 2.2. Single wavelength trace (black), collected at 500 nm, of a-KG (8  mM) 
binding to [FeII(N2O1)(MeOH)Cl2]- (0.8 mM) in MeOH at -85oC and fit (red) to a three 
step kinetic scheme (A ➞ B ➞ C ➞ D). Inset: Residuals to fit. Adapted from reference 
228. 
The reaction of [FeII(N2O1)(a-KG)(L)] with O2 was monitored by following the change 
in absorbance of the 500 nm MLCT band, and the single wavelength traces of the 
reaction at -85°C were fit to a four step general kinetic scheme (A ➞ B + O2 ➞ C ➞ D 












































Another fundamental question in the modeling of the reaction of [FeII(N2O1)(a-
KG)(L)] with O2, centers around the number of isomers found in solution. Although the 
[FeII(N2O1)(a-KG)(L)] adduct has six possible geometric isomers, attempts to include a 
pre-equilibrium among the isomers or multiple O2 sensitive steps resulted in unsuccessful 
fits to the data.228 This failure suggests the interconversion of isomers is occurring faster 
than the timescale of the reaction with O2. If multiple isomers are reacting with O2, the 
rates are indistinguishable on the low-temperature stopped-flow time scale. 
In order to begin assigning chemical transformations to each of the kinetic steps, both 
iron and O2 order dependence analysis, as well as a Hammett analysis, were conducted.228 
The preliminary iron order dependence indicated that each step is first order in the 
concentration of catalyst. The O2 order dependence, with the a-keto acid benzoylformate, 
showed k2 to be first order in O2 with all other steps showing little dependence on the 
concentration of O2, indicating that k2 is the initial and only reaction of O2 with 
[FeII(N2O1)(a-KG)(L)]. Finally, a Hammett analysis of the a-keto acid on the pre-steady 




p-NH2-BF, p-H-BF, and p-CN-BF, revealed k3 to be sensitive to the electron withdrawing 
or electron donating abilities of the para-substituent. The resulting Hammett plot showed 
a positive r value close to the room temperature calculated one obtained for steady-state 
turnover conditions.226 The para-substituent is predicted to influence the amount of 
electron density at the C2 position of the a-keto acid based on analysis of the LUMO of 
[FeII(N2O1)(p-H-BF)(H2O)] by DFT (Figure 2.3). The iso-density plot shows 
delocalization of the LUMO over the entire benzoylformate molecule, suggesting the 
electrophilicity of the C2 carbonyl carbon can be tuned by changing the para-substituent 
on the aromatic ring.229
 
Figure 2.3. Iso-density plot of the LUMO of FeII(N2O1)(p-H-BF)(H2O). Adapted from 
reference 229. 
 
Taken together, the iron order dependence, O2 order dependence and Hammett analysis 
suggest k2 involves the binding of O2 to [FeII(N2O1)(a-KG)(L)], and k3 is consistent with 
the nucleophilic attack of the iron bound superoxide on the C2 position of the a-keto 




KG)(L)], and the a-KG dependent monooxygenase enzymes, similar intermediates have 
been proposed for the transformations associated with k2 and k3 (Figure 2.4). Binding of 
O2 to [FeII(N2O1)(a-KG)(S)] (B) is proposed to result in the one electron oxidation of the 
metal and reduction of O2 to superoxide generating a ferric superoxide (C). The ferric 
superoxide is proposed to attack the C2 position of a-KG, resulting in decarboxylation of 
a-KG and generation of CO2, succinate, and an Fe(IV)-oxo (D).228
 
Figure 2.4. Proposed kinetic intermediates for the conversion of B to C and C to D (S is 
solvent) based on low-temperature stopped-flow studies. Adapted from reference 228.
 
While the chemical processes associated with k2 and k3 have been mechanistically 
probed, the exact natures of the steps with rate constants k1 and k4 remains less defined. 
The reaction associated with k1 is proposed to be a ligand exchange reaction due to the 
insensitivity to O2 concentration, while k4 is likely either methanol oxidation by the 
proposed Fe(IV)-oxo (D) (k4’) or the reaction of D with a ferrous species in solution 
resulting in a ferric µ-oxo species (k4”) (Figure 2.5). This chapter will discuss the 







































Figure 2.5. Possible reaction pathways for k4 (L is any possible ligand in solution).
 
As discussed in Chapter 1, the mechanism of O2 activation by [FeII(N2O1)(a-KG)(L)] 
was previously studied by DFT methodology by Dr. Josh McNally.229 The reaction 
profile shown in Figure 2.6 was analyzed for each of the six possible isomers of 
[FeII(N2O1)(a-KG)(H2O)]. Table 2.1 provides a summary of the calculated relative 
energies of intermediates 1-5 for each of the six isomers of [FeII(N2O1)(a-KG)(L)]. One 
of the goals of the DFT analysis was to evaluate the ability of DFT to calculate activation 
energies and ultimately predict mechanisms. Towards this end, the experimental 
activation energies for the activation of O2 by [FeII(N2O1)(a-KG)(L)] were determined 
and will be discussed in relation to the computationally determined energies and analyzed 

















































Figure 2.6. Intermediates along the O2 activation reaction pathway investigated by DFT. 
Adapted from reference  229.
Table 2.1. Summary of calculated relative energies of intermediates 1-5 for each of the 
six isomers of [FeII(N2O1)(a-KG)(L)]. (—) signifies geometries that were unable to be 
obtained. Shading signifies intermediates and transition states predicted not to exist. 
Adapted from reference 229. 









a 0.65 No TS 9.25 — 4.11 9.44 9.40 — — — -67.0 
a’ 2.33 — 11.8 — 5.45 9.06 6.71 — — — -67.0 
b 0.00 — 9.25 — 2.39 No TS 9.05 — — — -69.7 
b’ 2.61 No TS 13.0 — 6.41 9.96 7.51    -69.7 
c 2.92 — 9.44 — 4.83 8.93 8.00 9.01 -31.5 -31.4 -71.4 
c’ 3.43 — 8.64 — 4.14 No TS 10.0 — — — -71.4 
 
2.2 Materials and Methods 
2.2.1 General experimental considerations 
All reagents were used as received unless otherwise noted. The complex 
[FeII(N2O1)(Cl)2][Na] and the chloride free [FeII(N2O1)(MeOH)3][PF6] complex were 
synthesized according to previously reported procedures.228  Prior to use methanol was 
distilled from magnesium metal. Tetraethylammonium chloride was recrystallized and 
dried over P2O5 prior to use. All manipulations with ferrous complexes were performed 
using standard Schlenk technique or in an inert atmosphere (N2) glovebox (M. Braun, 















































2.2.2 Stopped-flow spectroscopy and data analysis 
Stopped-flow time-resolved spectra were acquired using a Hi-Tech Scientific 
KinetAsyst SF-61DX2 CryoStopped-Flow system (TgK Scientific Ltd.) at Tufts 
University. The system was equipped with a quartz tungsten halogen light source, a J&M 
TIDAS diode array detector and a Brandenburg 4479 Series PMT monochromator.  The 
1.00 cm3 quartz mixing cell is submerged within an ethanol/liquid nitrogen cooling bath 
and low-temperatures controlled to within ± 0.1°C are maintained using a CAL 3200 
automatic temperature controller.  Data acquisition was performed using TIDAS-DAQ 
and/or Kinetic Studio software programs with mixing times of 2-3 ms. Data analysis was 
performed using Kinetic Studio and ReactLab Kinetics Global Analysis software (JPlus 
Consulting, Pty. Ltd.) housed in the Caradonna lab. All final concentrations in kinetic 
experiments are reported as the final observed concentration after mixing in the stopped-
flow cell. 
The following procedure was followed when preparing samples for stopped-flow 
UV/Vis spectroscopy at Tufts University. Solutions of [Na][FeII(N2O1)Cl2] or 
[FeII(N2O1)(MeOH)3][PF6] were prepared in dry degassed MeOH inside an inert 
atmosphere glove box the day before data collection and stored in the glove box freezer (-
30oC) in sealed Wheaton vials. The α-ketoglutarate sodium salt was weighed out into 
Wheaton bottles and transferred to the glove box where they were capped with butyl-
rubber caps and crimped with aluminum seals.  The a-keto acid adduct complexes, 
[FeII(N2O1)(a-keto acid)(L)], were prepared on-site at Tufts University by adding the 




box. The stopped-flow system was made anaerobic prior to running experiments by 
rinsing with 50 mL of degassed MeOH. O2 saturated solutions of MeOH were prepared at 
Tufts University by purging a gas-tight syringe of methanol with the desired gas for 10-
15 minutes.  Initial concentrations of O2 are assumed to be that of a fully saturated 
methanol solution which is 10 mM at room temperature.228   
2.2.3 Methanol to formaldehyde oxidation  
A stock solution of [FeII(N2O1)(Cl)2][Na] was prepared in dry, degassed methanol 
inside an inert atmosphere glovebox. In a stir bar equipped vial were combined 1 mL of 
Fe stock with 1 mL of a 10 mM solution of sodium a-ketoglutarate in methanol. Four 
reaction vials were prepared and removed from the glovebox. Two of the vials were 
cooled to -78oC in a dry ice/acetone bath, and the other two left at room temperature. An 
O2 saturated solution of methanol was prepared by purging a methanol-filled gas-tight 
syringe with O2 for ten minutes. Once the reaction vials had equilibrated at the desired 
temperature for five minutes, 2 mL of O2 saturated methanol were added by syringe to 
each of the vials. The final concentrations of the iron complex and sodium a-
ketoglutarate were 0.8 mM and 2.5 mM respectively after all three solutions were 
combined. After stirring for approximately 2-5 minutes, a 500 µL aliquot was removed 
from each vial for analysis of formaldehyde content. Control reactions were run in the 
absence of the iron complex and the formaldehyde content subtracted. The determination 





2.3 Results and Discussion 
2.3.1 Stopped-flow analysis of k1 
The first step, k1, is proposed to involve the exchange of a chloride ligand with solvent 
based on previously reported stopped-flow analysis of NO binding studies to 
[FeII(N2O1)(a-KG)(L)] and [RuIII(edta)Cl]- in MeOH at -85°C.228 The complex 
[RuIII(edta)Cl]- was used as a control in these reaction due to its ability to rapidly and 
irreversibly bind NO.232 The single wavelength stopped-flow data for each of the 
complexes could not be fit to a single step and showed an initial decrease in absorbance 
within the first 300-450 ms (Figure 2.7). Given the possibility of only one rate of NO 
binding to [RuIII(edta)Cl]-, the initial step was proposed as the loss of chloride ligand 
followed by NO binding. The reaction of both [RuIII(edta)Cl]- and [FeII(N2O1)(a-KG)(L)] 






Figure 2.7. Single wavelength trace of (A) [FeII(N2O1)(a-KG)(L)] (0.34 mM) with NO 
(7 mM) in MeOH at -85oC and (B) [RuIII(edta)Cl]- (0.15 mM) with NO (7 mM) in MeOH 
at -85oC. Adapted from reference 228. 
 
The observed decrease in the time-dependent absorbance profile at less than one second 
reaction time suggests that chloride may be contributing at the wavelength of the MLCT 
band of [FeII(N2O1)(a-KG)(L)]. The effect of chloride on the absorbance at 500 nm was 
tested by adding excess chloride to a solution of [FeII(N2O1)(a-KG)(L)] in MeOH. The 
addition of excess chloride should drive the equilibrium of the reaction, shown in Figure 
2.8, towards the left side of the equation. 
 
Figure 2.8. Equilibrium between chloride-bound complex and solvated complex 
  
The addition of ten equivalents of tetraethylammonium chloride to FeII(N2O1)(a-

































the predicted absorbance. However, the absorbance at 500 nm only increased by 5% 
based on the concentration of iron in solution and the molar extinction coefficient for the 
MLCT band (e500 nm = 125 M-1cm-1). Given such a small change in absorbance, it is 
difficult to definitively argue that chloride is contributing to the change in absorbance 
seen in the stopped-flow data.  
The influence of chloride exchange with MeOH on the stopped-flow kinetics data were 
further studied by analyzing the reaction of the “chloride free” complex, [FeII(N2O1)(a-
KG)(MeOH)], with O2 by low-temperature stopped-flow. The chloride ligands were 
removed from [FeII(N2O1)(Cl)2][Na] with TlPF6  and replaced with the noncoordinating 
hexafluorophosphate anion. The use of a non-coordinating anion helps to drive the a-KG 
adduct to having solvent bound in the sixth site. The reaction of the chloride free 
complex, [FeII(N2O1)(a-KG)(MeOH)], with O2 was monitored by following the change 
in absorbance at 500 nm by stopped-flow absorbance spectroscopy. A qualitative analysis 
of the single wavelength traces shows an initial decrease in absorbance, even in the 
absence of chloride, suggesting that the decrease is not solely due to the presence of the 





Figure 2.9. Single wavelength traces at 500 nm of (A) [FeII(N2O1)(a-KG)(MeOH)] (1.0 
mM) with O2 (5 mM) in MeOH at -85oC and (B) [FeII(N2O1)(a-KG)(Cl)]- (1.0 mM) with 
O2 (5 mM) in MeOH at -85oC. 
 
The single wavelength traces of the reaction of [FeII(N2O1)(a-KG)(MeOH)] with O2 in 
methanol were successfully fit to several different kinetic schemes making assessment of 
the role of the chloride difficult given the lack of a unique fit to the data. The traces were 
successfully fit to equations 2.5-2.7, which correspond to a three-step mechanism in 













































Figure 2.10. Single wavelength (500 nm) stopped-flow trace (black) of the reaction of 
[FeII(N2O1)(a-KG)(MeOH)] (1.0 mM) with O2 (5 mM) in MeOH at -85oC with fit (red) 
to (A) equations 2.5-2.7, (B) equations 2.8-2.10, and (C) equations 2.1-2.4. Insets: 
residuals to the fit.  
 
The rates calculated are similar to those for the reaction of [FeII(N2O1)(a-KG)(Cl)]- 
with O2 (Table 2.2). The kinetic traces, however, could also be fit to a three-step 
mechanism according to equations 2.8-2.10 in which the first step is ligand exchange, and 









































































































Table 2.2. Comparison of rate constants for the reaction of the [FeII(N2O1)(a-KG)(L)] 
with O2, with and without chloride present, in MeOH at -85oC. 
 
Additionally, the stopped-flow traces could be fit to a four step mechanism according 
to equations 2.1-2.4 (Figure 2.10 C). The ability to fit the reaction of the chloride free 
complex to a four-step scheme may be due to the presence of chloride that was not 
precipitated with the thallium or to baseline fluctuations from the instrument. The high 
viscosity of methanol at -85oC causes a pressure surge when the stop syringe hits the stop 
block, resulting in fluctuations in the baseline. Although k1 may represent multiple 
processes (Cl- loss, pressure surge), it is necessary to model the remaining time-
dependent speciation for ultimate rapid-freeze-quench studies. I have chosen to model the 
entirety of the single wavelength data rather than model a truncated data set due to the 
short timescale of the reaction. The first 300-450 ms of a 2000 ms process represents 15-
23% of the total reaction cycle, which cannot be trivially ignored and assumed to have no 
effect on the reaction coordinate position of the solution speciation. Overall, the chemical 
interpretation of k1 is still unclear, but we know O2 is not involved in the reaction. 
Complex k1 (s-1) k2 (M-1 s-1) k3 (s-1) k4 (s-1) 
[FeII(N2O1)(a-KG)(Cl)]- 13.7(0.5) 358(13) 32(2) .09(0.04) 




2.3.2 Investigation of k4 
The conversion of species D to E has previously been modeled as a unimolecular 
process according to equation 2.4.228 The chemical step associated with k4 is predicted to 
proceed via the two possible chemical pathways shown in Figure 2.5. The competition 
between these two pathways was shown to be dependent on the concentration of iron 
catalyst under catalytic conditions, as discussed in Chapter 1 (Figure 1.35). Analysis of 
methanol to formaldehyde turnover has shown that the turnover number increases in an 
approximately exponential manner with the lowering of iron concentration.226 This result 
is consistent with a mechanism in which the bimolecular µ-oxo formation reaction  (k4”) 
is competing with a pseudo-first order solvent oxidation reaction (k4’). Although the 
solvent oxidation reaction is formally a bimolecular reaction, methanol is in large enough 
excess that its concentration remains effectively constant and the rate law can be written 




If the solvent oxidation pathway is the dominant pathway under stopped-flow 
conditions, k4 should remain constant at varying concentrations of iron. The dimerization 







According to equation 2.12, increasing the concentration of the iron catalyst would be 
expected to result in an increase in k4” under stopped-flow conditions. In order to test this 
hypothesis, an iron order dependence was conducted using low-temperature stopped-flow 
UV/Vis spectroscopy. 
Low-temperature stopped-flow single-wavelength data were used to analyze the 
reaction of [FeII(N2O1)(a-KG)(L)] with O2 in MeOH at -85oC at three final 
concentrations of [FeII(N2O1)(a-KG)(L)]: 0.6 mM, 1.1 mM, and 1.4 mM (Figure 2.11). 
The range of iron concentrations was limited by both the solubility of O2 in MeOH and 
the molar extinction coefficient of [FeII(N2O1)(a-KG)(L)]. The maximum solubility of O2 
in MeOH at room temperature is 10 mM,228 which will give a 5 mM concentration after 
mixing in the stopped-flow instrument. In order to maintain close to pseudo-first reaction 





Figure 2.11. Single wavelength (500 nm) trace (black) of FeII(N2O1)(a-KG)(L) (A) (0.6 
mM), (B) (1.1 mM), and (C) (1.4 mM) with O2 (5 mM) in MeOH at -85oC and fit (red) to 
equations 2.1-2.4. Insets: Residuals to fit. 
 
Analysis of the stopped-flow kinetic data at these three concentrations shows a modest 
increase in k4 with increasing iron concentration, indicating a possible change in 
mechanism upon going to higher concentrations of [FeII(N2O1)(a-KG)(L)] (Table 2.3). 
The increase in k4, however, is within the standard deviation of the number, making a 


























































































Table 2.3. Rate constants for the reaction of O2 with varying concentrations of 
[FeII(N2O1)(a-KG)(L)] in MeOH at -85o C.  
[Fe]  (mM) k1 (s-1) k2 (M-1s-1) k3 (s-1) k4 (s-1) 
0.6 11.3(0.4) 343(11) 75(8) 0.34(0.03) 
1.12 14.5(0.3) 411(18) 89(5) 0.37(0.09) 
1.4 20(1) 506(35) 82(4) 0.46(0.08) 
 
The methanol to formaldehyde turnover numbers at iron concentrations ranging from 
0.6 -1.4 mM are expected to be sub-stoichiometric and range from around 0.8 to 0.7.228 A 
comparison of methanol to formaldehyde turnover numbers with 0.8 mM of iron catalyst 
and three equivalents of a-KG at room temperature and -78oC shows comparable values 
(0.7) at the two temperatures, indicating that methanol oxidation is occurring under 
stopped-flow conditions and is the dominant process. Thus, k4 can largely be interpreted 
as solvent oxidation rather than ferric µ-oxo formation. 
2.3.3 Temperature dependence analysis  
A temperature dependence analysis of the reaction of [FeII(N2O1)(a-KG)(L)]  with O2 
in MeOH was conducted in order to determine the enthalpy and entropy of activation 
associated with each step in the proposed catalytic cycle. This information will allow us 
to gain additional insight about the chemical identity of the kinetic intermediates and the 
transition states associated with each transformation. A determination of the experimental 
activation energies may allow for rational predictions of how changes to the electronic 
structure of the complex will alter the catalytic activity of the complex both with respect 




Stopped-flow data collection was limited to a twenty degree temperature span with 
temperatures ranging from -85oC to -65oC. Data collected above -65oC could not be fit to 
the same four step mechanism indicating that rates were becoming too fast to be resolved 
on the stopped-flow time scale. Given the narrow range of temperatures over which data 
were collected, care must be taken in extrapolating the results to higher temperatures.  
The enthalpy and entropy of activation were determined from an Eyring analysis 
(Figures 2.12 – 2.15 and Table 2.4) and will be discussed for each step with the 
exception of k1. Given the uncertainty about the nature and homogeneity of k1, the 
calculated activation energies will not be interpreted chemically for this step. 
 

















Figure 2.13. Eyring plot of k2 
 


























Figure 2.15. Eyring plot of k4 
Table 2.4. Calculated activation energies for the reaction of [FeII(N2O1)(a-KG)(L)] with 









k1(s-1) -0.4 -66 - - 
k2 (M-1s-1) 2.9(0.5) -30(3) 8.5(0.7) 12(1) 
k3 (s-1) 0.7(0.5) -46(2) 9.3(0.6) 14.4(0.8) 
k4 (s-1) 3(1) -33(8) 9(2) 13(3) 
 
k2 reaction The chemical reaction associated with k2 is proposed to be the binding of 
O2 to the ferrous complex (B) and the generation of a ferric superoxide intermediate (C) 
(Figure 2.4). This step can proceed via an associative or dissociative type interchange 
mechanism. The transition state affiliated with an associative interchange mechanism (Ia) 
will have a predominantly bond making transition state while a dissociative interchange 
mechanism (Id) will have a predominantly bond breaking transition state. However, in the 















substitution reactions can be viewed as occurring along a spectrum of associative to 
dissociative interchange pathways (Figure 2.16). It has been proposed that early first row 
transition metals such as V(II) and Cr(II) follow an Ia mechanism while late row 
transition elements such as Ni(II) and Co(II) tend to follow an Id mechanism.52,233 Iron’s 
location in the middle of the first row indicates a higher possibility of either mechanism 
and a dependence on both the nature of the entering ligand and leaving group as well as 
the rate of solvent exchange.234  
 
Figure 2.16. Possible substitution pathways for ferric superoxide formation  
 
The enthalpy and entropy of activation for the conversion of B to C were determined to 
be 2.9 ± 0.5 kcal/mole and -30 ± 3 e.u. respectively.  The small calculated enthalpy of 




















































that is predominantly bond making rather than bond breaking. This proposal is consistent 
with a transition state in which the bond between Fe and O2 is forming. From this data, 
however, it is not clear whether MeOH dissociation is occurring before or after the Fe-O2 
bond has formed.  
There are limited reports in the literature of calculated enthalpies and entropies of 
activation for the binding of O2 to first row transition metals. This process has been most 
extensively studied for Co(II) systems due to the slower rate of autoxidation compared to 
many Fe(II) systems.25 The activation energies for O2 binding to a series of five-
coordinate Co(II) complexes provide an interesting comparison to the [FeII(N2O1)(a-
KG)(L)] system reported here. Similarly small enthalpies of activation and negative 
entropies of activation were reported for the binding of O2 to these five coordinate Co(II) 
complexes in non-coordinating solvents, potentially suggesting similar transition states 
for these processes (Table 2.5).235,236 It should be noted, however, that in the cases of the 
Co(II) complexes, the reaction was simplified to direct binding of O2 to the metal 
(Equation 2.14) rather than ligand dissociation and O2 binding (Equation 2.15-2.16). 
                                          MII(L)5 + O2 ! MIII(L)5(O2-)                                          (2.14) 
                                  MII(L)5(S) + O2 ! MII(L)5(S)(O2)                                          (2.15) 







































































































































































































































































































































































































































































































Kinetic studies of O2 binding to six coordinate Co(II) cyclam complexes in water 
suggest that the reaction occurs via a pure interchange mechanism in which the transition 
state includes both bond breaking between the cobalt and solvent molecule and bond 
making between cobalt and O2.238 Only volumes of activation were determined in these 
studies, so direct comparison of activation energies with the [FeII(N2O1)(a-KG)(L)] 
system is not possible. This type of mechanism for the reaction of the [FeII(N2O1)(a-
KG)(L)] with O2, however, is feasible based on the small enthalpy of activation. 
The activation energies for NO binding to ferrous complexes with amino-carboxylate 
ligands further suggest that the mechanism of ligand substitution may be controlled by 
the rate of solvent exchange versus the rate of NO or O2 binding (Table 2.5). Overall, 
smaller entropies of activation are observed for NO binding to the ferrous 
polyaminocarboxylate complexes compared to [FeII(N2O1)(a-KG)(L)] with O2 along 
with enthalpies of activation that are greater by a factor of 2-3. The calculated volumes of 
activation for these complexes suggest that both [FeII(H2O)6]2+ and [FeII(mida)(H2O)3] 
react with NO via an Id mechanism while [FeII(nta)(H2O)2]- reacts via an Ia 
mechanism.237,239 A potential reason for this difference is the slower rate of NO binding 
versus the water exchange rate for both [FeII(H2O)6]2+ and [FeII(mida)(H2O)3] compared 
to the rate of NO binding. This results in a transition state with a greater degree of bond 
breaking than bond making. If however, the rate of solvent exchange is slower than the 
rate of NO binding, the transition state will have a greater degree of bond making than 
breaking. The [FeII(nta)(H2O)2]- complex also has the most negative entropy of activation 




Given the large negative entropy of activation observed for [FeII(N2O1)(a-KG)(L)], a 
mechanism closer to an associative interchange rather than dissociative interchange 
seems likely.  
In analyzing the reaction of [FeII(N2O1)(a-KG)(L)] with O2 by DFT, the initial O2 
binding step was separated into two steps (Figure 2.17).229 These are loss of the sixth 
water ligand from 1 to give a five coordinate intermediate (2) and binding of O2 to the 
five coordinate species to give a ferric superoxide (3). A pure dissociative mechanism 
was chosen in order to provide a comparison to the a-KG dependent enzymes that have 
been shown to proceed through a five coordinate square pyramidal intermediate during 
the O2 activation process due to loss of a bound water upon a-KG and substrate 
binding.171,240–242  
 
Figure 2.17. Intermediates analyzed by DFT for O2 binding to [FeII(N2O1)(a-KG)(H2O)] 
 
Based on these DFT simulations, the loss of a solvent ligand and conversion to a five-
coordinate species is predicted not to have a transition state.229 The change in 
coordination number is, however, associated with an overall increase in energy for each 






























increase in energy, a’ and b’ (see Figure 1.36 for isomer structure), are the isomers that 
maintain a geometry close to square pyramidal, as determined by calculated t values 
(Figure 2.18).243 The calculated change in energy for isomer a’ was 9.46 kcal/mole and 
10.38 kcal/mole for isomer b’. Each of the other four isomers, which showed greater 
distortion towards a trigonal bipyramidal geometry, was calculated to have similar 
relative energies for the five-coordinate species. Although a discrete five-coordinate 
intermediate is unlikely to occur in a coordinating solvent such as methanol, which has an 
Fe(II) exchange rate on the order of 104 at 25oC,244,245 the isomers that undergo the least 
distortions upon loss of solvent may have a lower barrier to reaction with O2 due to the 





Figure 2.18. Energy change associated with the loss of the H2O ligand from 1 to give 2 
for each of the six isomers. The isomers raised highest in energy are shown in red. 









a a’ b b’ c c’
1 0.65 2.33 0 2.61 2.92 3.43
2 9.25 11.79 9.25 12.99 9.44 8.64
DE
(kcal)
8.6 9.46 9.25 10.38 6.52 5.21




A transition state associated with the transformation of species 2 to 3 could not be 
calculated due to the possibility of multiple reaction pathways.229 The reaction of 
[FeII(N2O1)(a-KG)(L)] can proceed through inner or outer sphere electron transfer and 
can result in either ferromagnetic or anti-ferromagnetic coupling between the high spin 
Fe(II) center and the triplet O2 molecule. Due to the complexity of the possible pathways 
higher order calculations will be required to calculate the activation barrier for this 
transformation. 
k3 reaction The chemical transformation associated with k3 is proposed to be the attack 
of the ferric superoxide at the C2 position of the a-keto acid, resulting in concomitant O-
O bond cleavage, generation of an Fe(IV)-oxo, and loss of CO2 (Figure 2.4). The 
calculated enthalpy and entropy of activation for k3 are 0.7 ± 0.5 kcal/mole and -46 ± 2 
e.u. respectively (Table 2.4). The small enthalpy of activation and negative entropy of 
activation are suggestive of a transition state that resembles the peroxy-bridged 
intermediate (4) often proposed as an intermediate in the mechanism of O2 activation by 
the a-KG dependent enzymes (Figure 2.19). This transition state involves ordering of the 






Figure 2.19. Intermediates studied by DFT in the conversion of a ferric superoxide (3) to 
an Fe(IV)-oxo (5). 
 
By DFT, this transformation was studied as a two-step process in which the peroxy-
bridged species was studied as an intermediate rather than a transition state (Figure 
2.19).229 Transition state geometries were successfully optimized for the transformation 
of species 3 to 4 for isomers a, a’, b’, and c (Figure 2.20). No transition state was found 
for isomers b and c’, which were also the two isomers with greatest change in energy 
upon conversion of species 3 to species 4 (Table 2.6). The calculated activation energies 
for this process range from 3.55 kcal to 6.66 kcal and are within a factor of two of the 
































Figure 2.20. Reaction coordinate of the (3) to (4) transformation through the transition 
state (3-4)TS, for the isomers (b’), (a), (c) and (a’). Transition states are highlighted in 

















Table 2.6. Relative energies determined by DFT of each of the six isomers for 
intermediates 3 and 4 along with the change in energy associated with transformation and 
activation energy. Adapted from reference 229. 
 a a’ b b’ c c’ 
3 4.11 5.45 2.39 6.41 4.83 4.14 
4 9.40 6.71 9.05 7.51 8.00 10.00 
DE (kcal) 5.29 1.26 6.66 1.10 3.17 5.86 
Eact (kcal) 5.33 3.61 6.66 3.55 4.10 5.86 
 
The subsequent decomposition of 4 to the Fe(IV)-oxo is predicted to have a minimal 
energetic barrier based on computational work.229 For isomer b’, there was determined to 
be no barrier, and for isomer c, an activation energy of only 1 kcal was calculated. 
Previous DFT studies of the enzyme TauD have also suggested that the peroxy-bridged 
species is a transition state rather than a discrete intermediate.246The peroxy-bridged 
adduct, 4 was calculated as the highest energy intermediate along the quintet energy 
surface. All of the subsequent intermediates were lower in energy. 
k4 reaction The chemical reaction associated with k4 is predicted to be a combination 
of two competitive processes based on stopped-flow analysis and reactivity studies. 
Under stopped-flow single turnover conditions (0.8 mM Fe), however, solvent oxidation 
is predicted to be the dominant process, with ferric µ-oxo formation playing a minor role 
in the observed kinetics. The solvent oxidation process itself can be separated into two 
elementary processes: 1) hydrogen atom abstraction and 2) either a second hydrogen 





Figure 2.21. Possible methanol oxidation pathways by species D (5).. 
 
Given the complexity of the reaction, a prediction of the transition state is difficult. The 
enthalpy of activation and entropy of activation for k4 were experimentally determined to 
be 3 ± 1 kcal/mole and -33 ± 8 e.u. respectively. These small barriers are consistent with 
the rapid turnover rate observed under room temperature catalytic conditions. 
2.4 Mechanistic implications and conclusions 
Reported here are additional stopped-flow studies to further support the current 
mechanistic hypothesis for the activation of O2 by the model complex [FeII(N2O1)(a-
KG)(L)] in MeOH (Figure 2.22). Low-temperature stopped-flow studies in the absence 
of chloride suggest chloride exchange with solvent may precede the reaction with O2. 
However, this analysis is made difficult by instrument fluctuations that occur when 
working with protic solvents such as methanol at temperatures as low as -85oC. This 
process could potentially be further analyzed through 17O-NMR line broadening 
experiments in order to determine the exchange rate of chloride with methanol. These 





2 paramagnetic iron center. The reactivity studies to date show that the chloride ligand 
readily exchanges in methanol and does not prevent O2 activation and substrate oxidation 
from occurring.226,228 
 
Figure 2.22. Proposed mechanism of O2 activation by [FeII(N2O1)(a-KG)(L)] in MeOH 
based on a combination of kinetic and computational data. 
 
The ligand exchange reaction (k1) is followed by the reaction with O2 (k2). The second 
step follows either an associative or dissociative interchange mechanism. Although a 
differentiation cannot be made between an Ia or Id mechanism at this time, the 
experimentally determined activation energies suggest an ordered transition state that 






































































The attack of the superoxide species at the C2 position of the a-keto acid (k3) is 
proposed to proceed through an ordered transition state that resembles a peroxy-bridged 
adduct and ultimately decomposes to succinate, CO2, and an Fe(IV)-oxo. From the 
kinetic fits of the single wavelength stopped-flow data at -85oC, the time-dependent 
concentration of each intermediate (A-E) can be calculated. An analysis of the calculated 
concentration profile, shows the intermediate C does not build up to any appreciable 
amounts when the a-keto acid, a-KG, is bound to the FeII(N2O1) complex, based on the 
applied kinetic model (Figure 2.23A). This result is consistent with both the 
computationally and experimentally determined activation energies. The low energetic 
barrier to the decomposition of species C, combined with the irreversible decarboxylation 
of a-KG, serves to minimize the accumulation of the ferric superoxide (C). A low 
energetic barrier to reaction of the bound superoxide with a-KG is likely important in 





Figure 2.23. A) Concentration profile of the reaction of [FeII(N2O1)(a-KG)(L)] with O2 
in MeOH at -85oC. B) Comparison of the speciation of intermediate C during the reaction 






One question about this catalytic system that was raised earlier in this chapter is the 
effect of the a-keto acid electronic structure on the O2 activation process. The speciation 
plot derived from low-temperature stopped-flow studies of [FeII(N2O1)(p-NH2-BF)(L)] 
with O2 in MeOH shows a greater extent of buildup of the ferric superoxide intermediate 
C than a-KG or the para-substituted benzoylformates p-CN-BF and p-H-BF (Figure 2.23 
B). The difference in buildup of intermediate C between the a-keto acids suggests the 
barrier to superoxide attack and Fe(IV)-oxo formation is modulated by the electronics of 
the a-keto acid. Additional temperature dependence studies with alternative a-keto acids 
could provide added insight into the effect of the a-keto acid on the O2 activating 
properties of the catalyst.  
The proposed Fe(IV)-oxo can react via two possible pathways: 1) solvent oxidation to 
produce formaldehyde and a ferrous species or 2) dimerization with a ferrous species and 
generation of a ferric µ-oxo species. Based on the iron order dependence and the 
benchtop methanol oxidation studies, the oxidation of methanol is the dominant process 
under stopped-flow conditions. The last step, k4, could be further investigated by 
examining the reaction in deuterated methanol. If k4 is solvent oxidation, it would be 
expected to show an isotope effect. The cost of such an experiment, however, is 
prohibitive. Alternatively, the C-H bond oxidation kinetics of the catalyst could be 
probed through double -mixing stopped-flow experiments in an aprotic solvent such as 
DMF. After mixing the [FeII(N2O1)(a-KG)(L)] complex with O2 in order to generate the 
proposed reactive intermediate, the solution could then be mixed with a substrate such 




each of these substrates results in a product, 2,4,6-tri-tert-butylphenoxyl radical and 
anthracene respectively, that can be followed by stopped-flow absorbance spectroscopy. 
Double mixing studies will also allow for a better estimate of the activation energy 
associated with hydrogen atom abstraction. 
Future studies will endeavor to determine the identity of the proposed kinetic 
intermediates through rapid freeze quench combined with Mössbauer spectroscopy. The 
concentration profiles derived from the stopped-flow kinetic studies will be used to 
determine appropriate quench times for these studies. Characterization of proposed 
intermediates will allow for an investigation into the electronic properties of Fe(IV)-oxo 
compounds that confer greater reactivity with C-H bonds. 
 From the kinetic studies, we cannot determine the number of active isomers of 
[FeII(N2O1)(a-KG)(L)] or their identity. The high lability of high spin Fe(II) and the 
small difference in energy between the six coordinate [FeII(N2O1)(a-KG)(H2O)] isomers, 
as predicted by DFT, suggests a rapid equilibrium is maintained among the six isomers of 
[FeII(N2O1)(a-KG)(L)] in solution. The ability of the isomers to rapidly interconvert 
allows for continued reaction with O2 under catalytic conditions even as the most reactive 





CHAPTER 3: SPECTROSCOPIC CHARACTERIZATION OF MONONUCLEAR 
Fe(II) MODEL COMPLEXES  
3.1 Introduction 
The unique biomimetic reactivity properties of the FeII(N2O1)(a-KG) provide the 
opportunity to investigate the electronic structure features necessary in an O2 activation 
catalyst and for the exploration of chemistry outside the scope of the a-KG dependent 
oxygenases. The FeII(N2O1) complex has previously been shown to bind a-keto acids 
besides a-KG.226 The electronic absorption spectra of the a-keto acid adducts of 
FeII(N2O1) show peaks attributable to a MLCT envelope band. The electronic structure 
properties of the a-keto acid affect both the O2 reactivity properties of the FeII(N2O1) 
complex and the position of the MLCT bands in the absorption spectrum. The energy of 
the MLCT bands generally correlates with the calculated HOMO-LUMO energy gap of 
the free a-keto acid (Figure 3.1).247 This change in energy of the MLCT band was also 
found to affect the rate of a-keto acid decarboxylation under catalytic conditions. A room 
temperature Hammett analysis with a series of para-substituted benzoylformates showed 
the rate of benzoylformate decarboxylation was sensitive to the electron withdrawing 
capabilities of the para-substituent (Figure 3.2).226 These results suggest the O2 reactivity 
properties of FeII(N2O1) can be altered and controlled as a function of the bound a-keto 





Figure 3.1. Correlation between the calculated a-keto acid HOMO-LUMO energy gap 
and the experimentally determined position of the MLCT band in methanol. MLCT band 
wavelength determined from the electronic absorption spectrum of [FeII(N2O1)Cl2]-] with 




























































Figure 3.2. Hammett plot for the decarboxylation of FeII(N2O1)(p-X-BF) during the 
reaction with O2 in MeOH. r = 1.2. Adapted from reference 226. 
 
This chapter will discuss the investigations into the effect of a-keto acid binding on the 
electronic structure of the FeII(N2O1) complex using 57Fe-Mössbauer spectroscopy and 
magnetic circular dichroism spectroscopy (MCD) and possible structure-function 
correlations. The results of these studies can be utilized in the development of second 
generation O2 activation catalysts. 
MCD is a powerful spectroscopic method that can be used to probe the energy of both 
the excited (5Eg) and ground state (5T2g) orbitals of an S = 2 ferrous center.248 The 







































(D5Eg = E(dx2-y2) – E(dz2) (Figure 3.3) can be determined from the near infrared MCD 
(NIR-MCD) spectrum and can be used to determine the geometry around the ferrous 
center and coordination number (Figure 3.4). Fitting the variable temperature and 
variable field (VTVH) data from a single wavelength allows for the determination of the 
axial (D = E(dxzdyz) – E(dxy)) and rhombic (V = E(dxz) – E(dyz)) ligand field splitting of the 
5T2g ground state orbitals, which are sensitive to p bonding interactions.  
 










5-coordinate: > 5,000 cm-1
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Figure 3.4. Representative NIR-MCD spectra of six-coordinate (top), five-coordinate 
square-pyramidal (middle), and four-coordinate tetrahedral high-spin ferrous complexes. 
The magnitude of the D5Eg splitting and energy of the two ligand field bands are 
diagnostic of the Fe(II) and geometry and coordination number. Adapted from reference 
249. 
The sign of D corresponds to the sign of the spin Hamiltonian parameter D, which is 
the axial zero field splitting (ZFS) parameter.250 Under a positive ZFS system, the MS = 0 
single state is lowest in energy and is separated from the MS = ± 1 level by D (Figure 
3.5). Under a negative ZFS  system, the doubly degenerate MS = ± 2 level is lowest in 
energy. The degeneracy of both the MS = ± 1 and MS = ± 2 levels are removed by 
rhombic ZFS and for a negative ZFS system the difference in energy between the MS = ± 
2 wavefunctions corresponds to d. The parameter E, the transverse component of the 
magnetic dipole-dipole interaction, is zero in the posited high symmetry cases, and 





Figure 3.5. Energy level diagram for a S = 2 state. The left side of the energy diagram 
corresponds to a positive ZFS system and the right side to a negative ZFS system. 
Adapted from reference 248. 
 
MCD was instrumental in demonstrating the bidentate binding of a-KG to the ferrous 
center of a-KG dependent oxygenase enzymes. The method indicated the origin of the 
MLCT bands and showed the transitions occur as a result of bidentate binding of a-KG 
to the ferrous center (Figure 3.6).170 Analysis of the [FeII(N2O1)(a-KG)(L)] system by 
MCD will allow for a comparison of electronic structures between the small molecule 

































Figure 3.6. A) Depiction of the a-KG p* orbital interaction with the ferrous center in the 
xy plane. B) Depiction of the Fe(II) d-orbitals prior to and after a-KG binding to the iron. 
The primary transition giving rise to the MLCT is the dyz to a-KG p*. Adapted from 
reference 170. 
 
Mössbauer spectroscopy is also an important method for evaluating the coordination 
environment of iron centers. This method is particularly useful for determining the 
oxidation and spin state of iron species.86,251 This method can also be utilized to 
determine the number of iron species present in a sample. The appearance of uneven 
quadrupole doublets is indicative of iron species with differing quadrupole splitting and 
isomer shift values. Mössbauer spectroscopy, however, is less sensitive than MCD to 




3.2 Materials and Methods 
3.2.1 General experimental consideration 
The compounds [C14H19N2][FeII(N2O1)(Cl)2],199 [C14H19N2][57FeII(N2O1)(Cl)2], 
[Na]2[FeII(N2O3)(OCH3)],199 [FeII(N2O2)(CH3OH)],199 2,2′-(2-
((carboxymethyl)(methyl)amino)ethyl)azanediyl)-diacetate (N2O3),199,254 2,2′-(ethane-
1,2-diylbis(methylazanediyl))diacetate (N2O2),199,255 and 2-(4-cyanophenyl)-2-oxoacetic 
acid (p-CN-BF)256 were prepared according to previously reported literature procedures. 
Sodium methoxide was freshly prepared from sodium and dry methanol. Prior to use 
methanol (MeOH) (Pharmco-Aaper) was distilled over magnesium metal and pyridine 
(Alfa Aesar) was fractionally distilled over potassium hydroxide. Prior to use 
tetrahydrofuran (THF) was dried by a PureSolv® solvent purification system (Innovative 
Technologies, Newburyport, MA). Methanol-OD (D, 99%) and Ethanol-d6 (D, 99%) 
were purchased from Cambridge Isotope Laboratories. Both solvents were immediately 
freeze-pump-thawed upon opening and stored in an inert atmosphere glovebox. 57Fe2O3 
(57Fe, 96.64%) was purchased from Cambridge Isotope Laboratories. All manipulations 
with ferrous complexes were carried out in an inert atmosphere glovebox (M. Braun, 
Stratham, NH) or using standard Schlenk techniques with degassed (between 5 and 7 
freeze-pump-thaw cycles) solvents. 
3.2.2 Physical methods 
Ultraviolet-visible spectra were collected using an HP 8453 spectrophotometer. 1H and 
13C NMR spectra were recorded at 25ºC on either a Varian 400 MHz spectrometer or 




Solomon lab at Stanford University.3 Mössbauer spectra were collected at 80 K and 
recorded using a See Co. W302 resonant gamma ray spectrometer with a 1.85-GBq 57Co 
source (Be window, Rh matrix) and with zero external magnetic field. All isomer shifts 
are given relative to Fe metal at room temperature. Spectra were analyzed using the 
WMoss software package (See Co., Edina, MN). MCD data were collected with a 
JASCO J-730 spectropolarimeter (NIR, 600 −2000 nm) having a liquid nitrogen cooled 
InSb detector (Teledyne Judson Technologies) and a JASCO J-810D spectropolarimeter 
(UV−vis-NIR, 300 − 900 nm) extended S-20 photomultiplier tube (Hamamatsu R376K) 
in conjunction with an Oxford Instruments SM-4000-7T superconducting magnet. MCD 
spectra were corrected by subtracting the natural (0 Tesla) CD features at each 
temperature and magnetic field. Scan parameters vary per sample, data pitch 1-2 nm, 
scanning speed 200 nm/min, 0.5 second response time, 2-4 scans averaged. 
3.2.3 Synthesis of reagents 
57FeCl2 57Fe enriched ferrous chloride was synthesized from 57Fe2O3 using a three step 
synthesis adapted from the literature.257,258 57Fe2O3 (101 mg) was combined with 12 M 
hydrochloric acid (15 mL) in a round bottom flask and stirred until all of the insoluble 
iron oxide had been converted to the soluble ferric chloride (~ 5 hours). The HCl was 
removed in vacuo leaving the ferric chloride as a yellow/orange residue which was dried 
under vacuum overnight. To the same flask was added trimethylchlorosilane (20 mL) and 
the solution refluxed for three hours. After the reaction was complete the solvent was 
 
3 All MCD and Mössbauer spectra reported in this chapter were collected by Jeff Babicz Jr. of the Solomon 




removed in vacuo leaving a green to purple solid which is the anhydrous ferric chloride. 
Chlorobenzene (12 mL) was then added to the flask, and the solution stirred for 30 
minutes at 120ºC followed by refluxing at 132 ºC for 2.5 hours. The solution was then 
filtered, resulting in a tan solid which was washed with chloroform and stored in an inert 
atmosphere glovebox. Yield: 142 mg (89% yield based on Fe) 
N-(4-acetylphenyl)acetamide This procedure was modified from a previously reported 
synthesis.259,260 Acetic anhydride (25 mL) was added to a round bottom flask and cooled 
to 0 oC using an ice bath. Once cooled, 4’-aminoacetophenone (2.7 g, 0.020 mol) was 
added to the flask, resulting in the formation of a white precipitate. The reaction was 
allowed to stir for an additional hour, after which 100 mL of distilled water were added 
and the white solid filtered. The resulting product was recrystallized from ethanol. Yield: 
3.3 g (95%). 1H-NMR(400 MHz; DMSO-d6) d 10.28 (s, 1H, HNC=O), 7.90 (d, 2H, C-
Haryl), 7.70 (d, 2H, C-Haryl), 2.51 (s, 3H, CH3), 2.08 (s, 3H, CH3). 
2-(4-acetamidophenyl)-2-oxoacetic acid This procedure was modified from a 
previously reported synthesis.260 In a round bottom flask, N-(4-acetylphenyl)acetamide 
(2.6 g, 0.015 mol) and selenium dioxide (2.5 g, 0.022 mol) were combined with distilled 
pyridine (50 mL) and refluxed for 12 hours. After the reaction flask was removed from 
the heat and allowed to cool, the remaining selenium dioxide was filtered off and the 
solution reduced in vacuo, resulting in a brown oil. The brown oil was dissolved in 25 
mL of 5% (w/w) potassium hydroxide solution and washed with three, 15 mL portions of 
diethyl ether. The aqueous phase was acidified with 12 M HCl (pH~2) and extracted with 




with magnesium sulfate, filtered, and reduced in vacuo, resulting in a yellow/orange 
solid. Yield: 0.79 g (25%). 1H-NMR(400 MHz; DMSO-d6) d 10.46 (s, 1H, HNC=O), 
7.88 (d, 2H, C-Haryl), 7.79 (d, 2H, C-Haryl), 2.10 (s, 3H, CH3) 
Sodium 2-(4-aminophenyl)-2-oxoacetate This procedure was modified from a 
previously reported synthesis.260 In a round bottom flask, 2-(4-acetamidophenyl)-2-
oxoacetic acid (0.79 g, 3.9 mmol) was combined with 15 mL of a 6 M HCl solution, and 
the reaction solution heated until all of the solids had dissolved. The solution was stirred 
for an additional 15 minutes after which it was brought to a pH of 1.5 using a 50% (w/w)  
sodium hydroxide solution. The solution was filtered and a brown/orange solid obtained. 
To generate the sodium salt, the resulting solid was combined with one molar equivalent 
of sodium hydroxide in methanol and stirred for 1 hour. After removing the solvent in 
vacuo, a brown solid was obtained. Yield: 0.66 g (75%) 1H-NMR(400 MHz; D2O, 
dioxane internal standard) d 7.74 (d, 2H, C-Haryl), 6.82 (d, 2H, C-Haryl). 13C{1H}-NMR 
(100 MHz; D2O, dioxane internal standard) 195.9 (CO), 174.7 (CO2), 133.3 (Caryl), 
121.75 (Caryl-CO), 115.2 (Caryl) 
3.2.4 Preparation of Mössbauer samples 
Stock solutions of the ferrous complex, [PSH][57FeII(N2O1)(MeOH)Cl2] (3.5 mM) were 
prepared in a 9:1 methanol/ethanol mixture inside an inert atmosphere glovebox. To the 
ferrous stock solution was added five molar equivalents of ether sodium a-KG or N,N-
dimethyloxamate potassium salt. Following the formation of the ferrous a-KA adduct, 




cup. The cup was placed inside a 15 mL Falcon tube, sealed with parafilm, and removed 
from the glovebox. The sample was then slowly frozen in liquid nitrogen. 
3.2.5 Preparation of MCD samples 
All samples for MCD were prepared using a methanol-OD/Ethanol-d6 (9:1) mixture as 
the glassing agent. Stock solutions of 5 mM [PSH][FeII(N2O1)(MeOH)Cl2] were prepared 
inside the glovebox. To generate the a-keto acid adducts, 3 molar equivalents of the a-
keto acid were added to the ferrous solution. MCD cells were transferred to the glovebox 
and the sample solution (~ 200 µL) loaded into the cell via syringe. The MCD cell was 
then removed from the glovebox and immediately submerged in liquid nitrogen until the 
solution formed an optical glass. 
3.3 Results and Discussion 
3.3.1 Characterization of [FeII(N2O1)(MeOH)Cl2]- 
The 2 K, 7 T NIR-MCD spectrum of [FeII(N2O1)(MeOH)Cl2]- in a 9:1 methanol-
ethanol glass shows a single band centered at 10,000 cm-1 that can be fit to two 
transitions split by 1850 cm-1 (Figure 3.7A).  This is consistent with the MCD spectra of 
a six-coordinate (6C) distorted octahedral Fe(II) center, which gives rise to two 
transitions centered around 10,000 cm-1 and split by approximately 2000 cm-1.261 The 
energy difference between the transitions corresponds to the splitting of the 5Eg excited 
state. The VTVH data collected at 8550 cm-1 were fit to a positive ZFS system with D = 





Figure 3.7. (A) NIR-MCD (2 K, 7 T) of [FeII(N2O1)(MeOH)Cl2]- (5 mM) (black) and 
Gaussian fit (red). (B) VTVH-MCD data (symbol) and the best fit (line) for 
[FeII(N2O1)(MeOH)Cl2]- collected at 8550 cm-1



































3.3.2 Characterization of [FeII(N2O1)(a-KG)(L)] 
The addition of a-KG to [FeII(N2O1)(MeOH)Cl2]- resulted in the appearance of three 
ligand field transitions in the NIR-MCD spectrum (Figure 3.8A): a positive feature at 
9500 cm1, a negative feature at 11,500 cm-1, and an intense feature above 15,000 cm-1. 
The UV/Vis-MCD spectrum of [FeII(N2O1)(a-KG)(L)] (where L is either solvent of 
chloride ligand) (Figure 3.8B) shows the intense feature present above 15,000 cm-1 in the 
NIR-MCD spectrum corresponds to the MLCT previously seen in electronic absorption 
spectra of the FeII(N2O1)(a-KG) adduct.226 The band centered around 20,000 cm-1 






Figure 3.8. (A) NIR-MCD (2 K, 7 T) of [FeII(N2O1)(a-KG)L] (5 mM Fe + 3 eq. of a-




















The positive and negative bands in the [FeII(N2O1)(a-KG)(L)] MCD spectrum (Figure 
3.8B) could arise as a result of several scenarios. The positive and negative features could 
correspond to two ligand field transitions separated by ~2200 cm-1 that correspond to a 
single 6C Fe(II) site. A positive and negative ligand field band, however, is unusual for a 
six coordinate Fe(II) site and would require spin-orbit coupling between the 5Eg excited 
state components. Additionally, the saturation behavior of the negative and positive 
bands is different. The negative band quenches at high temperatures, as seen in the 
variable temperature spectra (Figure 3.9A), and is most intense at low temperature and 
low field strength (Figure 3.9B). The positive band, however, is most intense at high 
field strength and low temperature (Figure 3.9 C and D) and quenches slowly in the VT 
data (Figure 3.9A). This pattern makes it unlikely that the two bands are due to a single 
six coordinate Fe(II) site, but rather are the result of a second species in the sample in 
addition to a 6C Fe(II) site. The low intensity and rapid quenching of the of the negative 
band in the [FeII(N2O1)(a-KG)(L)] spectrum, however, suggests the second species is 





Figure 3.9. (A) VT-NIR-MCD spectra of [FeII(N2O1)(a-KG)(L)] collected at 7 T. VH-
NIR-MCD spectra of [FeII(N2O1)(a-KG)(L)] collected at (B) 2 K, (C) 7.5 K, and (D) 25 
K. The negative band appears most intense at 3 T (blude trace), 2 K, shown in panel B. 
 
Analysis of the VTVH data collected at 9260 cm-1 further confirmed the presence of a 
6C Fe(II) site in the [FeII(N2O1)(a-KG)(L)] sample (Figure 3.10). The 6C [FeII(N2O1)(a-
KG)(L)] complex is a negative ZFS system with D = -200 cm-1, |V| = 96 cm-1, and |V/2D| 
= 0.24. The second LF band, which would result from a 6C Fe(II) site, is likely obscured 









Figure 3.10. VTVH-MCD data (symbol) and the best fit (line) for [FeII(N2O1)(a-KG)(L)] 
collected at 9260 cm-1. 
 
The presence of multiple species in the MCD spectrum is not surprising given that the 
[FeII(N2O1)(a-KG)(L)] complex can adopt six isomeric geometries (see Figure 1.36). 
Both computational and experimental data suggest two of the six possible isomers will 
dominate the speciation in solution.226,229 DFT calculations indicate isomers b and a 
adopt the lowest energy configurations and will be present at 83% and 12% (using the 
uB3LYP method) (see Table 1.8).229 Similarly, cw-EPR spectra of the NO adduct 
(Figure 3.11), [Fe(N2O1)(a-KG)(NO)], could not be fit to a single set of Hamiltonians, 
but instead could only be fit using a minimum of two sets of Hamiltonian parameters.226 
The percentages of the two species, 80% and 20%, closely matched the species 
























in the [FeII(N2O1)(a-KG)(L)] MCD spectrum is from two [FeII(N2O1)(a-KG)(L)] isomers 
with different electronic structures. 
 
Figure 3.11. cw-EPR spectra showing the g = 4 feature of [Fe(N2O1)(a-KG)(NO)]. The 
data were best fit to two S = 3/2 species with E/D values of 0.021 (80%) and 0.007 
(20%). Adapted from reference 226. 
 
There are few examples of negative features arising from 6C Fe(II) complexes. More 
often, negative bands arise from 5C complexes. However, the NIR-MCD data of the 
[FeII(N2O3)(MeOH)]- complex in a methanol/ethanol mixture (Figure 3.12) shows two 
negative bands with estimated splitting and energies consistent with a distorted 
octahedral species. MCD spectra haves previously been reported for the [FeII(N2O3)(L)]- 
complex in both the solid state and dissolved in D2O with glycerol added as a glassing 
agent.261 In the solid state, the NIR-MCD spectrum shows features consistent with a 5C 
square pyramidal complex, [FeII(N2O3)]-. In a D2O/glycerol mixture, however, the data 
favor a 6C [FeII(N2O3)(L)]- complex that has adopted a distorted octahedral geometry 




differences between the solution spectra are likely a result of the different ligand field 
strengths between water and methanol. Given the ability of the [FeII(N2O3)(L)]- complex 
to adopt a 5C geometry, the negative rather than positive bands seen in Figure 3.12 may 
be a result of an elongated, weak bond between the Fe(II) center and a methanol 
molecule. Further analysis is still required to confirm that the two bands correspond to 
the same Fe(II) site. Simulations of the saturation magnetization data, which can be 
obtained by plotting the MCD intensity versus bH/2kT, will allow for a definitive 
assessment of the ground state parameters. The temperature (VT, Figure 3.12A) and field 
dependent (VH, Figure 3.12B)  MCD spectra, however, show similar behavior for the 





Figure 3.12. NIR-MCD of [FeII(N2O3)(MeOH)]-. The estimated splitting between the 
peaks is ~ 2250 cm-1 (A) VT-NIR-MCD (B) VH-NIR-MCD. 
 
These data suggest the negative peak in the [FeII(N2O1)(a-KG)(L)] spectrum could 
correspond to a second 6C Fe(II) site with a weakly bound methanol molecule. If this 
were the case, the second LF transition would likely be located around 9500 cm-1 and be 








obscured by the positive band. A related VTVH analysis of the negative band present in 
the [FeII(N2O1)(a-KG)(L)] spectrum (Figure 3.9) would provide insight into the origin of 
the signal. Data collection on this low intensity band, however, has proven unsuccessful. 
The second possibility is that the negative band at ~ 11,000 cm-1 corresponds to a 5C 
Fe(II) site, and the second LF band is located outside the range of the instrument (< 5000 
cm-1 or > 2000 nm)). The NIR-MCD spectra of the Fe(II)/a-KG/substrate adducts of 
several a-KG and a-KA dependent oxygenases similarly show negative features around 
11,000 cm-1 in addition to a positive band below 6000 cm-1 that correspond to a 5C 
square pyramidal Fe(II) site.240,241,262 To date, there is only a single example of a 
proposed 5C Fe(II)/a-KG adduct in which the low energy band was beyond the 
instrument’s spectral window.263 The low temperature NIR-MCD spectrum of the a-KG 
dependent oxygenase deacetoxycephalosporin C synthase (DAOCS) shows a positive 
band located at 8400 cm-1 and a negative band located at 11,600 cm-1. No LF band was 
observed below 6000 cm-1. The identification of the second species as a 5C square 
pyramidal Fe(II) center was determined from additional Mössbauer and XAS analysis of 
the Fe(II)/a-KG adduct. The authors do not elaborate as to why the second LF band for a 
5C square pyramidal species would be lower in energy compared to other a-KG 
dependent oxygenases.  
 57Fe-Mössbauer spectroscopy was also used to aid in the identity and percent 
speciation of the second species present in the MCD spectrum of FeII(N2O1)(a-KG)(L)]. 
The [FeII(N2O1)(a-KG)(L)] Mössbauer spectrum (Figure 3.13), collected at 80 K, shows 




parameters. The data were fit as two quadrupole doublets corresponding to two high-spin 
Fe(II) sites with 41% and 59% of the signal. Both species have similar isomer shifts, but 
the dominant species (Species 2, pink trace) has a lowered quadrupole splitting (DEQ) 
relative to Species 1 (green trace), which could be cited as evidence of a 5C/6C mixture. 
Although two species are seen in the Mössbauer spectrum, the percentages do not match 
the predicted percentages based off of the intensity of the signals in the NIR-MCD 
spectrum of [FeII(N2O1)(a-KG)(L)]. A 5C Fe(II) site would be expected to comprise less 
than 25% of the speciation. 
 
Figure 3.13. Zero field 57Fe-Mössbauer spectrum (80 K) of [FeII(N2O1)(a-KG)(L)] (3.5 
mM Fe + 5 eq. a-KG)  frozen in a 9:1 MeOH:EtOH mixture. 
 
In order to assess whether the second species present in the [FeII(N2O1)(a-KG)(L)] 




[FeII(N2O2)(MeOH)2] complex in the presence of a-KG. The addition of a-KG to the 
[FeII(N2O2)(MeOH)2] complex could result in only one 6C geometric confirmation due to 
the symmetric nature of the N2O2 ligand and corresponding metal complex (Figure 3.14). 
By eye, the addition of excess a-KG to a solution of [FeII(N2O2)(MeOH)2] in MeOH does 
not result in an appreciable color change (very pale pink solution). Therefore, it is not 
clear if a-KG is binding in a bidentate coordination mode to the Fe(II) center, which 
would be expected to result in a pink/purple solution. 
 
Figure 3.14. Representations of the [FeII(N2O2)(MeOH)2] complex (L is MeOH) and 
[FeII(N2O2)(a-KG)]- complex. 
 
The NIR-MCD spectrum does appear to show a change in the ligand field strength 
upon the addition of a-KG to [FeII(N2O2)(MeOH)2] (Figure 3.15B). In the absence of a-
KG, two positive bands are present, centered around 10,000 cm-1 and 11,700 cm-1, which 
are consistent with 6C Fe(II) center (Figure 3.15A). The addition of a-KG to 
[FeII(N2O2)(MeOH)2] results in a loss in signal intensity between 11,000 cm-1 and 12,000 
cm-1. The lack of a charge transfer band above 15,000 cm-1 suggests the a-KG may be 

























to understand why bidentate binding of a-KG is not the preferred mode of binding with 
the [FeII(N2O2)(MeOH)2] complex in MeOH.  
 
Figure 3.15. VT-NIR-MCD spectrum of (A) [FeII(N2O2)(MeOH)2] and (B) 
[FeII(N2O2)(MeOH)2 + 15 eq. of [Na][a-KG]. 
 
3.3.3 FeII(N2O1) with alternative a-keto acids  
MCD spectra were collected of [FeII(N2O1)Cl2]- in a methanol-ethanol glass in the 






dimethyloxamate (DMO), para-cyano-benzoylformate (p-CN-BF), and para-amino-
benzoylformate (p-NH2-BF), in order to further assess the effect of a-keto acid binding 
on the ground state energies of the Fe d-orbitals. The a-keto acids chosen form 
complexes with MLCT bands that range from 385 nm to 660 nm allowing for an 
investigation into the correlation between the a-keto acid HOMO-LUMO energy gap and 
the energy of the [FeII(N2O1)(a-KA)(L)] MLCT band. 
The NIR-MCD spectrum of [FeII(N2O1)(MOB)L] (Figure 3.16C) shows features 
similar to those present in the FeII(N2O1)(a-KG) MCD spectrum (Figure 3.16B), but 
distinct from the [FeII(N2O1)Cl2]- control (Figure 3.16A) . The spectra in Figures 3.16B 
and C show a positive band around 9500 cm-1, a negative band around 11,500 cm-1, and a 
charge transfer band above 15,000 cm-1. Although the negative band in the 
[FeII(N2O1)(MOB)(L)] MCD spectrum, Figure 3.16C,  appears less intense than the 
negative band in the in the [FeII(N2O1)(a-KG)(L)] spectrum (Figure 3.16B), it shows 
similar saturation behavior to that of [FeII(N2O1)(a-KG)(L)]. The negative band saturates 
quickly with temperature at 7 T (Figure 3.17A) and is most intense at lower magnetic 




Figure 3.16. NIR MCD spectra of (A) [FeII(N2O1)Cl2]- (7 T, 2 K), (B) [FeII(N2O1)(a-

























Figure 3.17. (A) VT-MCD spectra of [FeII(N2O1)(MOB)(L)]. (B) VH-MCD spectra of 
[FeII(N2O1)(MOB)(L)]. 
 
The MCD spectrum of [FeII(N2O1)(DMO)(L)] (Figure 3.18D) shows positive and 
negative bands similar to the a-KG (Figure 3.18B) and MOB adducts (Figure 3.18C), in 
addition to new positive bands between 12,000 and 15,000 cm-1. All three spectra differ 
from the [FeII(N2O1)Cl2]- control lacking any a-KA (Figure 3.18A). A positive band is 
seen, centered around 9800 cm-1 and shifted by ~600 cm-1 relative to the a-KG adduct, in 






UV/Vis-MCD spectra shows the MLCT band in [FeII(N2O1)(DMO)(L)] (Figure 3.19A) 
has shifted towards higher energy wavelengths relative to the a-KG adduct, 
[FeII(N2O1)(a-KG)(L)] (Figure 3.19B). Furthermore, the positioning of the charge 
transfer band in the [FeII(N2O1)(DMO)(L)] MCD spectrum (Figure 3.20B) corresponds 
to the energy of the MLCT seen in the electronic absorption spectrum at room 
temperature in MeOH (Figure 3.20A). 
 
Figure 3.18. NIR MCD spectra at 7 T and 2 K of (A) [FeII(N2O1)Cl2], (B) [FeII(N2O1)(a-








































Figure 3.20. (A) Room-temperature electronic absorption spectrum of 
[FeII(N2O1)(DMO)(L)] in MeOH and (B) low-temperature UV/Vis-MCD spectra of 






















The shifting of the MLCT band in the [FeII(N2O1)(DMO) spectrum from ~ 20,000 cm-1 
(Figure 3.19B) in the a-KG case to above 25,000 cm-1 (Figure 3.19A) allows for the 
observation of additional positive bands in the MCD spectrum around 13,000 cm-1 and 
16,000 cm-1. The band at 13,000 cm-1 appears to be present in the [FeII(N2O1)(a-KG)(L)] 
and [FeII(N2O1)(MOB)(L)] MCD spectra as well, (Figure 3.18B and C) but the band 
overlaps with the MLCT band. The variable temperature MCD data for 
[FeII(N2O1)(DMO)(L)] (Figure 3.21) shows that both the negative band at 11,500 cm-1 
and positive band at 16,000 cm-1 saturate quickly with temperature. The band around 
13,000 cm-1, however, shows different saturation behavior and still has intensity 50 K 
rather than completely saturating. 
 
Figure 3.21. UV/Vis-MCD spectra of [FeII(N2O1)(DMO)(L)] at variable temperatures 















The 80 K Mössbauer spectrum of [FeII(N2O1)(DMO)(L)] (Figure 3.22) was collected 
in order to further investigate the origin of the additional peaks in the MCD spectra. The 
Mössbauer spectrum was fit as a single quadrupole doublet with an isomer shift of 1.22 
mm/s and quadrupole splitting of 3.16 mm/s. These parameters are consistent with a high 
spin ferrous center252 and closely match the parameters determined for the [FeII(N2O1)(a-
KG)(L)] complex. The presence of a single symmetric quadrupole doublet in the 
Mössbauer spectrum suggests the negative peak in the MCD spectrum (Figure 3.18D) is 
unlikely to be due to a five-coordinate species. 
 
Figure 3.22. Zero field 57Fe-Mössbauer spectrum (80 K) of [FeII(N2O1)(DMO)(L)] (3.5 
mM Fe + 5 eq. DMO) frozen in a 9:1 MeOH:EtOH mixture. 
 
MCD spectra were also collected on the [FeII(N2O1)(p-X-BF)(L)] complexes in the 
presence of p-CN-BF (Figure 3.23) and p-NH2-BF (Figure 3.24) in order to study the 




state d-orbital energy levels. In both cases, the MLCT band overlaps with the d-orbital 
ligand field bands, complicating the analysis of ground and excited state energy levels. 
The NIR-MCD spectrum of [FeII(N2O1)(p-CN-BF)(L)] shows a positive band centered 
around 9500 cm-1 and a charge transfer band centered at 15,250 cm-1 (Figure 3.23). A 
third weaker band between 11,000 cm-1 and 13,000 cm-1 appears to overlap with the 
MCLCT band. It is unclear if this middle band is the second ligand field band for a six-
coordinate site or is associated with the MLCT band. The positioning of the 15,000 cm-1 
MLCT band in the MCD spectrum closely matches the energy of the band in the 





Figure 3.23. (A) VT-MCD spectra of [FeII(N2O1)(p-CN-BF)(L)] collected at 7 T. (B) 
VH-MCD spectra of [FeII(N2O1)(p-CN-BF)(L)] collected at 2 K. (C) NIR-MCD (2 K, 7 
T) spectrum of [FeII(N2O1)(p-CN-BF)(L)] with Gaussian fit to two ligand field transitions 


















The MCD spectrum of [FeII(N2O1)(p-NH2-BF)(L)] shows extensive overlap of the 
MLCT band with the d-ligand field bands (Figure 3.24B). Of the 15 a-keto acids studied 
to date,226,247 the p-NH2-BF adduct has the most intense MLCT transfer band (lmax = 570 
nm, e = 810 M-1cm-1) (Figure 3.24A), and the absorption feature extends into the near-IR 
region of the electronic absorption spectrum. It is unsurprising, therefore, that the MLCT 
band overlaps with the d-ligand field bands in the MCD spectrum, likely due to the 
participation of the nitrogen lone pairs in the transition. The charge transfer band centered 
around 17,000 cm-1 in the MCD spectrum matches the positioning of the MLCT in the 





Figure 3.24. (A) Room-temperature electronic absorption spectrum of [FeII(N2O1)(p-
NH2-BF)(L)] in MeOH and (B) low-temperature UV/Vis-MCD spectra of [FeII(N2O1)( p-
NH2-BF)(L)] at variable temperatures and 7 T magnetic field. 
 
3.4 Conclusions and implications for O2 reactivity 
The MCD spectra of the [FeII(N2O1)(MeOH)Cl2]- complex in a methanol/ethanol 
mixture confirms the geometry of the iron center as a distorted octahedron. A comparison 
of the ground and excited state parameters determined for [FeII(N2O1)(MeOH)Cl2]- to 



























between the iron centers Table 3.1. The ferrous active sites of a-KA dependent enzymes 
tend to have smaller D5Eg values, possibly due to the presence of water ligands rather 
methanol. A similar splitting is observed between the 5Eg and T2g orbitals, reflecting a 
similar overall crystal field strength. 
Table 3.1. Ground and excited state parameters of 6C ferrous model complexes and a-
KA dependent enzymes. 
Ferrous center 10Dq D5Eg D |V| |V/2D| d g|| Ref. 
[FeII(N2O1)(MeOH)Cl2]- 10,325 1850 (+)600 280 0.23 4.97 8.0 this work 
[FeII(N2O3)(H2O)][Li] 10,150 1900 (–)400 180 0.22 4.4 9.3 261 
[FeII(H2O)6](SiF6) 10,200 1200 (+)500 80 0.08 10.0 8.0 256 
[FeII(H2O)6](NH4)(SO4)2 10,000 1600 200 130 0.33 6.7 8.7 256 
[FeII(PMA)(MeOH)][Cl] 11,150 2100 (–)950 450 0.24 2.4 9.0 256 
[FeII(PY5)(MeOH)](OTf)2 12,000 2000 1000 670 0.33 3.3 8.7 256 
FeII CS2 10,055 1690 (–)400 190 0.24 4.5 9.2 170 
FeII FIH 10,000 1800 (–)275 100 0.19 3.9 9.2 242 
FeII HmaS 9525 1450 300 60 0.10 2.2 9.1 241 
FeII HPPD – – (–)300 72 0.12 2.6 9.0 241 
FeII DAOCS 10,175 1750 (–)450 140 0.15 – – 263 
 
The [FeII(N2O1)(MeOH)Cl2] complex was best fit to a positive ZFS system while the 
ferrous resting state of the a-KA dependent enzymes characterized to date are described 
by a negative ZFS. Positive ZFS corresponds to a strong axial system in which the dxy 
orbital is lowest in energy. Conversely, in a negative ZFS system, the 5E(dxz,dyz) orbitals 
are lowest in energy. It is unclear what effect this may have on the O2 reactivity 
properties of ferrous centers, but may play a role given that the lowest energy occupied 
orbital is the RAMO for ferrous S = 2 systems. 
A comparison of the ground and excited state energies of [FeII(N2O1)(MeOH)Cl2] and 
[FeII(N2O3)(H2O)]- shows the main difference between the two complexes is the sign of 




also best fit as negative ZFS system. Additional data, however, are required to determine 
whether or not this shift from a positive to negative ZFS system is a result of the 
increased number of carboxylate ligands and/or if this is correlated with the increased 
rate of ferric µ-oxo formation for the [FeII(N2O3)(MeOH)] complex. Given the overall 
similarities in the splitting of the 5T2g orbitals, it seems likely that the increased O2 
sensitivity of [FeII(N2O3)(MeOH)] is a result of its decreased FeIII/II redox potential 
relative to [FeII(N2O1)(MeOH)Cl2]-, which favors the one electron reduction of O2 to 
superoxide. These results further validate the hypothesis that a-KG decarboxylation 
serves as the thermodynamic driving force for Fe(IV)-oxo formation in the 
[FeII(N2O1)(a-KG)(L)] catalytic system. 
An evaluation of the effect of a-KA binding to the FeII(N2O1) ground and excited state 
energy levels is not possible with the available data. Although preliminary ground state 
parameters have been calculated from the VTVH data for the [FeII(N2O1)(a-KG)(L)] 
adduct, the calculated axial splitting parameter, D (200 cm-1) does not match values 
anticipated for an Fe(II)/a-KG adduct. The calculated D of the Fe(II)/a-KG adduct of a-
KG dependent enzymes typically range from 950 – 1350 cm-1 and are greater in 
magnitude than the ferrous resting state of the enzyme due to the increased p bonding 
interaction upon a-KG binding that gives rise to the MLCT.170,242 The low axial splitting 
parameter calculated for the [FeII(N2O1)(a-KG)(L)] complex could be due to the presence 




Although an in depth analysis (simulation of the VTVH of a mixture of isomers) of the 
Fe(II) d-orbital energy levels of the a-KA adducts of FeII(N2O1) is still underway, the 
MCD do further confirm the sensitivity of the MLCT band energy to the HOMO-LUMO 
energy gap of the a-KA (Figure 3.25). Additionally, a qualitative analysis of the NIR-
MCD data would suggest that the excited state splitting of the 5Eg orbitals is similar 
amongst the complexes. Successful fitting of the VTVH data, however, is required to 





Figure 3.25. NIR-MCD spectra (2 K, 7 T) of (A) [FeII(N2O1)(L)3], (B) [FeII(N2O1)(a-
KG)(L)], (C) [FeII(N2O1)(MOB)(L)], (D) [FeII(N2O1)(DMO)(L)], (E) [FeII(N2O1)(p-CN-


















The a-keto acid may play several roles in modulating the kinetics of the reaction of 
[FeII(N2O1)(a-KA)(L)] with O2. The intensity of the MLCT band is an indicator of the 
degree of p back bonding from the Fe-dyz ⟶ a-keto acid p* orbital.170,264 The FeII(N2O1) 
a-keto acid adducts with the least intense MLCT bands are p-CN-BF (lmax = 660 nm, e = 
90 M-1cm-1) and p-NO2-BF (lmax = 665 nm, e = 80 M-1cm-1).226 Under catalytic 
conditions both of these complexes demonstrated faster rates of a-keto acid 
decarboxylation compared to p-H-BF (lmax = 625 nm, e = 225 M-1cm-1) (Table 3.2). 
Under single turnover conditions (low-temperature stopped-flow studies), the rate of k3, 
which is predicted to be the conversion of the ferric superoxide to an Fe(IV)-oxo (see 
Figure 2.23), was found to be three times greater for p-CN-BF than p-H-BF.228 
Conversely, those para-substituted benzoylformate adducts with more intense MLCT 
bands gave slower rates of decarboxylation. In order to fully evaluate the role of the 
MLCT band intensity on the rate of a-keto acid decarboxylation, additional kinetic 




Table 3.2 MLCT band energies and intensities of p-X-BF adducts of 
[FeII(N2O1)(MeOH)Cl2] in MeOH and rates of a-keto acid decarboxylation under 








































 + p-NO2-BF 37.23 665 80 69(20) 
 
The second property from the a-keto acid that may affect the kinetics of the O2 
activation process is the HOMO-LUMO energy gap of the a-keto acid. For the para-
substituted benzoylformates, the change in MLCT intensity roughly parallels the changes 
in HOMO-LUMO gap energy, with smaller energy gaps resulting in less intense MLCT 
bands. This trend, however, breaks down once other types of a-keto acids are included in 
the analysis. The a-keto acids with alkyl R groups (pyruvate, a-KG, and MOB) have 
molar absorptivities ranging from 100-175 M-1cm-1. In this series, the increased HOMO-
LUMO energy gap of the alkyl a-keto acids, compared to the benzoylformates, does not 
result in an increase in the MLCT band intensity, in contrast to those of the 
benzoylformates. The a-keto acid DMO, however, does appear to have a more intense 
MLCT than a-KG, likely due to the contribution of the amide nitrogen to the LUMO. 
Future studies of the kinetics of the reaction of [FeII(N2O1)(DMO)(L)] with O2 could 




LUMO gap energy), on the reaction with O2 The energy of the HOMO-LUMO gap could 
affect the rate of electron transfer from the proposed superoxide to the a-keto acid, while 
the degree of p back bonding from the Fe to the a-keto acid may play a role in the 
stability of the ferric superoxide intermediate. The interplay of these two factors could 
affect the efficiency of the catalyst, with slower rates of decarboxylation providing a 
greater chance of a bimolecular reaction with another ferrous compound in solution rather 
than a-keto acid decarboxylation. A greater understanding of the role of the a-keto acid 
will allow for a-keto acids to be chosen that optimize the rate of a-keto acid 

















































































































































CHAPTER 4: STRUCTURAL DETERMINATION OF THE REACTIVE ISOMER 
OF Fe(II)(N2O1)(a-KG) 
4.1 Introduction 
Unlike an enzyme active site, where substrate and coenzyme binding and orientation 
are regulated by directing interactions between the active site cavity wall and the small 
molecules of interest, synthetic inorganic complexes will adopt all possible geometric 
isomers based on their relative energies. The [FeII(N2O1)(a-KG)(L)] catalytic system 
takes advantage of the rapid exchange rates of ligands bound to high spin Fe(II) centers 
to remain under thermodynamic control, and not kinetic, control. As a result, the 
proposed {Fe(IV)=O} intermediate can adopt three possible orientations due to the 
asymmetry of the N2O1 ligand (Figure 4.1). Defining the number of active Fe(IV)-oxo 
isomers and their geometric configuration will have long range implications for efforts to 
direct and regulate stereoselective oxidation reactions utilizing O2. 
 
Figure 4.1. Three possible Fe(IV)-oxo isomers. 
 
The energetics of the O2 activation process for each of the six [FeII(N2O1)(a-KG)(L)] 
isomers were previously explored using DFT methodology by Dr. Josh McNally and 



























isomer reacts with O2 along a similar energetic landscape. The simulations, however, 
show subtle differences amongst the isomers that may result in only one or two isomers 
performing the O2 activation chemistry. The chemistry of this model system could further 
provide insight into why a certain a-KG orientation is favored in the a-KG dependent 
oxygenase enzymes. Many crystal structures of a-KG dependent oxygenase enzymes 
show a-KG bound to the iron active site with the C2-carbonyl of a-KG bound trans to 
the carboxylate amino acid residue and the open coordination site trans to a histidine 
residue (Figure 4.2 A).167,265–269 This configuration is in part favored (via evolution) by a 
conserved arginine residue that hydrogen bonds to the terminal C5 carboxylate group 
(Figure 4.2 B). This placement allows two possible configurations for a-KG binding 
within the a-KG dependent oxygenase family of enzymes. While EPR spectra of the NO 
adduct of the fully loaded (TauD/FeII/a-KG/taurine) TauD enzyme show only one S = 3/2 
species, EPR spectra without substrate (TauD/FeII/a-KG) shows a second S = 3/2 species 
that makes up roughly 20% of the amplitude in the sample.4 In the absence of substrate, 
the C1 carboxylate group could also be positioned in the place of the water molecule and 
still allow for hydrogen bonding between the C5 carboxylate and arginine reside. The 
binding of the substrate, taurine, to TauD places the anionic sulfonate moiety in close 
proximity to the carboxylate group bound to the Fe(II) center in this minor component 
which is expected to shift the equilibrium positioning of the C1 carboxylate to its 
dominant equilibrium isomer, resulting in a single a-KG binding mode. The resulting a-
 




KG orientation at the active site allows for the proper positioning of the O2 derived 
Fe(IV)-oxo towards the substrate in order to facilitate productive catalysis.270
 
Figure 4.2 (A) Active site of human phytanoyl-coa-2-hydroxylase (pdb: 2A1X). (B) 
Active site of clavaminate synthase (pdb: 1DS1). The arginine residue hydrogen bonds 
with the a-KG carboxylate tail. 
 
DFT geometry optimization calculations were previously executed by Dr. Josh 
McNally in which the C5 carboxylate tail of a-KG was constrained to the same relative 
coordinates (overlapping N,N,O donor sets of model and enzyme) as the C5 carboxylate 
group of a-KG in the TauD crystal structure.229 Only two isomers (a’ and b’) had 
geometries that could be successfully optimized (Figure 4.3), and both isomers a’ and b’ 
have a-KG bound with the C2 carbonyl trans to one of the amine ligands, similar to the 
a-KG dependent oxygenases. Isomer a’ was found to have the same iron geometric 
configuration at the iron as the active site of TauD. Of the six [FeII(N2O1)(a-KG)(L)] 
isomers, a’ and b’ also have five-coordinate geometries that are closest to square 
pyramidal based on calculated t values, while the other four isomers show distortion 





the a-KG binding orientation found in a-KG-dependent oxygenase enzymes may be 
favored due to the preference for a square pyramidal five coordinate geometry. Although 
the trigonal bipyramidal geometry is lower in energy relative the square pyramidal 
geometry (Figure 2.18), the increased energy of a square-pyramidal five-coordinate 
intermediate may be small relative to the reorganization energy required for O2 binding to 
the distorted trigonal bipyramidal site. Within a biological system, small changes in 
activation energy can lead to pronounced kinetic effects that could comprise the 













Figure 4.3. (A) Relative energy comparison between A’-constrained and B’-constrained. 
(B) Overlap of the geometry of B’-constrained (ball and stick) and the geometry of the 









Figure 4.4. Geometry optimized configurations of five coordinate [FeII(N2O1)(αKG)]  
and t values calculated using the unrestricted BP86 functional. Red values indicate 
isomers that maintain a close to square pyramidal geometry as a five coordinate species. 
Adapted from reference 229. 
 
Although isomers a’ and b’ most closely resemble the active sites of a-KG dependent 
oxygenases, they are predicted to make up only 3-4% of the speciation based on DFT 
calculations.229 This disparity is likely due to the enhanced stability achieved in isomers a 
and b, relative to a’ and b’, through the presence of two trans carboxylate ligands, 
derived from the N2O1 ligand and a-KG. Although isomers a and b are predicted to make 
up the greatest percentage of the speciation, the six isomers of [FeII(N2O1)(a-KG)(L)] are 
expected to be in rapid equilibrium given the close relative energies and high lability of 
Fe(II). It remains an open question as to whether each of the geometric configurations of 
[FeII(N2O1)(a-KG)(L)] reacts with O2 at similar rates and via the same pathway or if the 
c' b’ a 
c b a’ 
t = 0.35 t = 0.09 
t = 0.21 t = 0.06 t = 0.34 




barrier to the reaction with O2 is lowered sufficiently for a few of the isomers, resulting in 
faster rates of reaction with O2.  
We have attempted to use pulsed EPR methods to identify the geometric configurations 
of the two species present in the EPR spectrum of [Fe(N2O1)(a-KG)(NO)] and ultimately 
determine the number and identity of the reactive isomer or isomers. Based on DFT 
simulations, we predict the NO adducts of isomers a and b to be the dominant species 
present in the EPR spectrum of [Fe(N2O1)(a-KG)(NO)] (Figure 3.11). Furthermore, we 
do not currently anticipate the involvement of the c and c’ isomers (< 1%) in the observed 
solution chemistry. The crystal structures of a-KG dependent oxygenase enzymes would 
indicate that O2 binds to the iron active site at a position trans to a histidine rather than 
carboxylate ligand.269 Consequently, a synthetic plan was developed by Dr. Will Tucker 
(and Bailey Mclernon) that would incorporate a 15N (S = ½) isotopic label at the medial 
nitrogen of the N2O1 ligand (Figure 4.5). Our objective was to use this isotopic label to 
differentiation between cis and trans orientation of the bound NO relative to the medial 
N2O1 amine group by pulsed EPR methods (Figure 4.6). The use of the fully 13C labeled 
(13C5) a-keto acid, 3-methyl-2-oxobutyrate (MOB), will also allow us to provide further 





Figure 4.5. Synthetic scheme for the synthesis of the 15N isotopically labeled N2O1 
ligand. 
 
Figure 4.6. Representation of the 15N-N2O1 ligand (top) and the cis and trans NO binding 
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The pulsed EPR method utilized for these experiments is electron spin echo envelope 
modulation (ESEEM).5 This method allows for the determination of electron-nuclear 
hyperfine interactions that cannot otherwise be determined from EPR spectra due to 
inhomogeneous line broadening.271 For this system, we will be able to differentiate 
between an axial and equatorial positioning of the 15N labeled N2O1 amine nitrogen 
relative to the Fe-NO axis based on simulations of the ESEEM spectra. Initial efforts also 
included the use of 15N-NO, in addition to the 15N-N2O1 ligand, in order to systematically 
probe the ESEEM modulations arising from each nitrogen of the [Fe(N2O1)(a-KG)(NO)] 
species. Due to the high cost of 15NO gas, however, attempts were made to generate NO 
(both 15NO and NO) in situ through the reduction of nitrite (NO2-) with ascorbic acid and 
sodium dithionite.272,273 These experiments ultimately produced ESEEM spectra with a 
signal-to-noise ratio too low for analysis. As such, the NO adducts were all generated 
using high purity (99%) NO gas. 
4.2 Materials and Methods 
4.2.1 General experimental considerations 
[C14H19N2][FeII(N2O1)(Cl)2] was synthesized according to a previously reported 
literature procedure.199 All solvents and reagents were used without further purification 
unless otherwise specified. Pure (99%) nitric oxide (NO) gas was purchased from 
Matheson and purified by passing through a drying tube filled with potassium hydroxide. 
Potassium phthalimide (15N, 98%) and a-ketoisovaleric acid sodium salt (13C5, 98%) 
 





were purchased from Cambridge Isotope Laboratories Prior to use for the preparation of 
for iron samples, methanol (MeOH) (Pharmco-Aaper) was distilled from magnesium 
metal. All manipulations with ferrous complexes were carried in an inert atmosphere 
glovebox (M. Braun, Stratham, NH) or using standard Schlenk techniques with degassed 
(between 5 and 7 freeze-pump-thaw cycles) solvents. 
4.2.2 Physical methods 
UV/Vis absorption spectra were collected using an HP 8453 spectrophotometer. 1H and 
13C{1H} NMR spectra were recorded at 25ºC on a Varian 500 MHz spectrometer. Cw-
EPR and ESEEM spectra were collected at Michigan State University and recorded at X-
band frequency (9.7 GHz) with a Bruker E-680X spectrometer and Bruker ER4118X-
MD5-W1 dielectric resonator probe. Samples were cooled to 4 K using an Oxford 
Instruments CF-935 liquid helium cryostat with an ITC-503 temperature controller.  
Three pulse ESEEM spectra were collected using the stimulated echo sequence 90o-t-
90o-t-90o-t, with a pulse power of 150 W and pulse width of 16 ns (FWHM). At each 
field value, t is fixed at a value that surpasses the “matrix” protons. Data was collected 
with a repetition rate of 500 Hz, and each data point is the average of 800 acquisitions. 
The data are processed by removal of background decay by subtracting a bi-exponential 
decay function, windowing with a Hamming filter, zero filling the data to 1024 points, 
and applying a fast Fourier transformation. The data are plotted as absolute value spectra. 
4.2.3 Synthesis of reagents 
2-(dimethylamino)ethyl methanesulfonate This synthesis was adapted from a 




dissolved in 200 mL of diethyl ether.  The mixture was stirred and cooled to 0 °C. 
Methanesulfonyl chloride (7.71 g, 67.3 mmol) was then added to the mixture, and the 
solution was stirred overnight. The white precipitate produced was filtered and washed 
with diethyl ether. Yield: 85%. 1H-NMR(500 MHz; D2O) d 4.68 (m, 2H, CH2), 3.62 (m, 
2H, CH2), 3.29 (s, 3H, CH3), 3.98 (s, 6H, CH3). 13C{1H}-NMR(126 MHz; D2O) d 63.81 
(CH2), 55.69 (CH2), 42.87 (CH3), 36.51 (CH3). 
2[15N]-(2-(dimethylamino)ethyl)isoindoline-1,3-dione This synthesis was adapted 
from a previously reported procedure.275 Potassium [15N]phthalimide (1.0 g, 5.99 mmol) 
was dissolved in DMF (60 mL) in a round bottom flask, and the solution was flushed 
with N2 for 10 minutes. After adding sodium hydride (0.196 g, 8.16 mmol) and 2-
(dimethylamino)ethyl methanesulfonate (1.0 g, 5.99 mmol) to the flask, the reaction was 
allowed to stir overnight. A fine white precipitate formed, which filtered off, leaving a 
light yellow filtrate. A white solid was obtained by removing the DMF via azeotropic 
distillation with toluene and heptanes. Yield: 100%. 1H-NMR(500 MHz; 
CDCl3) d 7.80 (m, 2H, CHaryl), 7.66 (m, 2H, CHaryl), 3.77 (t, 2H, CH2), 2.56 (t, 2H, CH2), 
2.25 (s, 6H, CH3). 13C{1H}-NMR(126 MHz; CDCl3) d 168.5 (C=O), 134.0 (Caryl), 132.3 
(Caryl-CO), 123.3 (Caryl), 57.3 (CH2), 45.6 (CH3), 36.1 (CH2) 
N,N-dimethylethane-1,2-[2-15N]diamine dihydrochloride The compound 2[15N]-(2-
(dimethylamino)ethyl)isoindoline-1,3-dione (2.16 g, 9.9 mmol) was added to a round 
bottom flask and dissolved in 15 mL of ethanol. After the addition of 0.77 mL (15.8 
mmol) of a 35% aqueous hydrazine monohydrate solution to the flask, the reaction 




followed by an additional three hours of refluxing. After the reaction was allowed to cool, 
the solution was filtered and washed with 50 mL of DI water. The filtrate was 
concentrated in vacuo, leaving a white solid. Yield: 100%. 1H-NMR(500 MHz; D2O) d 
3.52 (m, 2H, CH2), 3.45 (m, 2H, CH2), 2.97 (s, 6H, CH3). 13C{1H}-NMR(126 MHz; 
D2O) d 53.46 (CH2), 43.34 (CH3), 34.04 (CH2). 
([1-15N]- 2-(dimethylamino)ethyl)glycine This synthesis was adapted from previously 
reported synthesis.276 Inside a Pyrex pressure bottle were combined N,N-dimethylethane-
1,2-[2-15N]diamine dihydrochloride (0.50 g, 3.08 mmol), glyoxylic acid monohydrate 
(0.284 g, 3.08 mmol), and 20 mL of methanol. Once the solids were dissolved, 0.43 mL 
(3.08 mmol) of triethylamine were added to the bottle, and the combined solutions 
flushed with N2 for ten minutes. The reaction solution turned a pale yellow, indicative of 
imine formation. The addition of 10% Pd/C (0.033 g, 0.308 mmol) was followed by an 
additional N2 purge (~ 10 min.). The pressure bottle was then placed inside a 
hydrogenator for 3.5 hours with a H2 pressure of 45 psi. After removing the pressure 
bottle from the hydrogenator, the solution was flushed with N2 for ~ 20 minutes and then 
filtered over celite. After washing with 300 mL of methanol, the filtrate was reduced in 
vacuo until the volume had been reduced by approximately one third. Three molar 
equivalents of freshly prepared sodium ethoxide (0.628 g, 9.24 mmol) were added to the 
concentrated filtrate, and the solution was stirred for five minutes. The filtrate was then 
concentrated in vacuo, yielding a light orange solid. To remove any remaining impurities, 
the solid was dissolved in 20 mL of methanol, and any undissolved solids were filtered 




vacuo. The solid was then dissolved in 20 mL of DI water and, the resulting solution was 
centrifuged. The supernatant was removed and reduced to dryness. The product was 
immediately used in the subsequent reaction, and quantitative conversion of the product 
was assumed. 1H-NMR(500 MHz; D2O) d 3.04 (s, 2H, CH2), 2.58 (t, 2H, CH2), 2.41 (t, 
2H, CH2), 2.14 (s, 6H, CH3). 13C{1H}-NMR(126 MHz; D2O) d 179.1 (CO2H), 57.18 
(CH2), 51.96 (CH2), 45.15 (CH2), 43.90 (CH3). 
N-(2-(dimethylamino)ethyl)-N-[15N]-methylglycine (15N-N2O1) The product, ([1-
15N]- 2-(dimethylamino)ethyl)glycine (0.593 g, 4.03 mmol), was dissolved in 5 mL of 
water in a round bottom flask. The solution was cooled to 0oC with an ice bath and 
formalin (1.09 mL, 14.51 mmol) and formic acid (0.76 mL, 20.15 mmol) added to the 
solution. The reaction flask was heated using a sand bath and was allowed to reflux for 
20 hours. After the reaction was allowed to cool, 4.2 mL of concentrated HCl (12.1 M) 
were added, and the resulting solution was concentrated in vacuo. Ethanol was added to 
the resulting solid, and the resulting solution was brought to a pH of 10 using sodium 
ethoxide. After concentrating the basified solution in vacuo, 40 mL of methanol were 
added to the resulting solid, and the mixture was centrifuged for 15 minutes. The 
resulting supernatant was concentrated in vacuo to yield a pale orange solid. The product 
was further purified with a silica column and ammoniacal chloroform (78:20:2 
CHCl3:MeOH:NH4OH(aq)) mobile phase. After loading the pale orange product onto the 
column, the first 350 mL of eluent were discarded, and the following 600 mL were 
collected. The collected eluent was reduced in vacuo to give a yellow oily residue. To the 




ethoxide. The solution was reduced in vacuo, and 10 mL of CHCl3 were added to the 
resulting light orange solid. The chloroform mixture was centrifuged, and the resulting 
supernatant was reduced in vacuo, yielding an amber oil that solidified after several days 
under vacuum. Yield: 12%. 1H-NMR(500 MHz; D2O) d 2.99 (s, 2H, CH2), 2.67 ( m, 2H, 
CH2), 2.58 (m, 2H, CH2), 2.37 (s, 6H, CH3), 2.20 (s, 3H, CH3). 13C{1H}-NMR(126 MHz; 
D2O) d 170.88 (CO2-), 59.79 (CH2), 53.20 (CH2), 51.18 (CH2), 43.14 (CH3), 42.17 (CH3). 
4.2.4 Generation of NO adducts 
Generation from sodium nitrite: Inside an inert atmosphere glovebox, sodium nitrite 
(or Na15NO2) (0.040 g, 0.58 mmol), sodium ascorbate (0.027 g, 0.14 mmol), and sodium 
dithionite (0.022 g, 0.13 mmol) were combined with 15 mL of methanol inside a 25 mL 
round bottom flask and allowed to stir for two hours. While the nitrite reduction reaction 
was stirring, 2 mM stock solutions of either [PSH][FeII(N2O1)Cl2] or [PSH][FeII(15N-
N2O1)Cl2] were prepared in dry, degassed methanol inside the glovebox. To prepare the 
NO/a-keto acid adducts, 2 mL of the iron stock solution were combined with 2 mL of the 
NO saturated methanol solution and 10 molar equivalents of either a-KG sodium salt, 
sodium 3-methyl-2-oxobutyrate (MOB), or 13C5-sodium 3-methyl-2-oxobutyrate(13C-
MOB). To prepare the EPR samples, 350 µL of the above described solution were loaded 
via syringe into the EPR tube, which was capped and sealed with parafilm. The EPR 
sample was then immediately removed from the glovebox and frozen at liquid nitrogen 
temperatures. 
Generation using NO gas: Stock solutions of the ferrous complexes were prepared 




ferrous stock solution was placed inside a 10 mL Schlenk flask and removed from the 
glovebox. The iron solution was subjected to 3 additional freeze pump thaw cycles in 
order to ensure minimal dissolved oxygen in the solution. The tubing leading from the 
NO tank to the Schlenk flask was subjected to 3 x 15 minute vacuum cycles in order to 
ensure removal of oxygen from the tubing. The ferrous complex was cooled in a dry ice 
acetone bath in order to increase the solubility of the NO gas in the methanol solution. 
The Schlenk flask was then charged with NO gas and stirred for 30 seconds before 
placing into liquid nitrogen. The head space was then evacuated to remove any remaining 
NO gas. The flask was carefully thawed and brought back into the glovebox for 
preparation of EPR samples. 
4.3 Results and Discussion 
4.3.1 In situ generation of NO adducts 
In order to incorporate a 15N isotopic label into the iron bound NO, attempts were made 
to generate a methanol solution saturated with NO by reduction of sodium nitrite with 
sodium ascorbate and sodium dithionite. The generation of NO through nitrite reduction 
has previously been described as a method of generating Fe-NO adducts for iron 
containing enzymes such as phenylalanine hydroxylase.273 While this method of NO 
generation has been successful for generating Fe-NO adducts in enzymatic systems, it has 
proven more challenging when used for synthesizing NO adducts of coordination 
compounds such as the [FeII(N2O1)(a-KG)(L)] complex. 
Previous reports of the nitrite reduction describe the reagents sodium nitrite, sodium 




It was found, however, that the addition of water to a solution of [FeII(N2O1)(MeOH)Cl2]- 
with 10 molar equivalents of MOB sodium salt results in a 39% decrease in absorbance 
of the 500 nm MLCT band (Figure 4.7). These results suggest that water is strong 
enough ligand to compete with a-KG for binding to the ferrous center. As a result, the 
nitrite reduction reaction could not be carried out in water, but instead was performed in 
methanol. The low solubility of sodium nitrite, sodium ascorbate, and sodium dithionite 
in methanol, however, decreased the yield of NO produced. The addition of an NO 
containing methanol solution to a solution of [FeII(N2O1)(MOB)(L)] in methanol does 
appear to generate the NO adduct, [Fe(N2O1)(MOB)(NO)] based on the UV/Vis 
absorption spectrum (Figure 4.8). The absorbance peak around 450 nm is indicative of 
formation of the Fe-NO adduct. The NO adducts of the FeII(N2O1), FeII(N2O2), and 
FeII(N2O3) complexes were also shown to absorb light between 436 nm and 445 nm,277 
and this absorbance feature is assigned to a NO- p* to dyz ligand-metal charge transfer.278 
The yield of the Fe-NO adduct from nitrite reduction, however, was low. Preliminary 
ESEEM spectra gave low signal-to-noise ratios with weak modulations. In order to 






Figure 4.7. UV/Vis absorption spectrum of [FeII(N2O1)(MeOH)Cl2]- (1.9 mM) with 10 
molar eq. of MOB sodium salt in MeOH (black line) and 1:1 MeOH/H2O mixture (dotted 
line). 
 
Figure 4.8. UV/Vis absorption spectrum of [Fe(N2O1)(MOB)(NO)] in MeOH (1 mM Fe 







































4.3.2 cw-EPR spectroscopy 
The cw-EPR spectra of [Fe(N2O1)(a-KG)(NO)] and [Fe(N2O1)(MOB)(NO)], frozen in 
MeOH, were collected at 8 K (Figure 4.9 A and B) and show signals in the g = 4 and g = 
2 regions, typical of an S = 3/2 species.278,279  
 
Figure 4.9. X-band cw-EPR spectra (8 K) of (A) [Fe(N2O1)(a-KG)(NO)] and (B) 
[Fe(N2O1)(MOB)(NO)]. 
The cw-EPR spectrum of the [Fe(N2O1)(a-KG)(NO)] complex has previously been 
simulated as two S = 3/2 species with |E|/D values of 0.021 (80%) and 0.007 (20%).226 
The low |E|/D values indicate a system with high axial symmetry, as has been found with 
the Fe(II)/a-KG/NO adducts of a-KG dependent oxygenases.270,280,281 The g = 4 region 
of the new [Fe(N2O1)(a-KG)(NO)] EPR spectrum was similarly simulated as two S = 3/2 
centers (Figure 4.10 A) in a roughly 80 :20 ratio and with similar |E|/D values. The 
simulation, however, does not fully account for the observed line shape in the spectrum. 
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The addition of an S = 5/2 species, which would arise from unwanted ferric species, in 
the simulations does not adequately account for the broad signal in the g = 4 region 
(Figure 4.10 B). The inclusion of a single S = 3/2 species and S = 5/2 species does 
improve the fit on the left side of the g = 4 region (Figure 4.10 C). A new sample with 
greater conversion of the ferrous species to the NO adduct and less ferric impurity may 




Figure 4.10. Simulations of the [Fe(N2O1)(a-KG)(NO)] cw-EPR spectrum as (A) two S 
= 3/2 centers, (B) two S = 3/2 centers and one S = 5/2 center, and (C) one S = 3/2 center 
and one S = 5/2 center.








































The g = 4 and g = 2 regions of the [Fe(N2O1)(MOB)(NO)] EPR spectrum were 
similarly simulated as two S = 3/2 species with |E|/D values (0.02 and 0.007) and 
speciation (79% and 21%) similar to the [Fe(N2O1)(a-KG)(NO)] complex (Figure 4.11 
A). Again, the inclusion of an S = 5/2 species in the simulations better accounted for the 
impurity at g = 4.3 (Figure 4.11 B), but this time corresponds to only 1.2% of the 






Figure 4.11. Simulations of the cw-EPR spectrum of [Fe(N2O1)(MOB)(NO)] as (A) two 






Geometry optimization calculations of the six isomers (Figure 1.36) of both 
[FeII(N2O1)(a-KG)(H2O)] and [FeII(N2O1)(MOB)(H2O)] have been performed recently 
with ORCA using the DEF2-TZVP basis set and PBE0 functional in a methanol dipole 
field.6 Isomers a and b were found to be the dominant isomers for both [FeII(N2O1)(a-
KG)(H2O)] and [FeII(N2O1)(MOB)(H2O)], but with relative speciation that varied from 
previous calculations using the uB3LYP and uBP86 functionals (Table 4.1). A similar 
distribution of isomers might have been expected given the similarities between the two 
a-keto acids. 
 
Table 4.1. Computationally determined relative energies and distribution of the six 
isomers of [FeII(N2O1)(a-KG)(H2O)] and [FeII(N2O1)(MOB)(H2O). Data for the 
[FeII(N2O1)(a-KG)(H2O)] isomers with uB3LYP and uBP86 adapted from reference 229. 
 
4.3.3 ESEEM spectroscopy 
ESEEM spectra were collected for both the [Fe(15N-N2O1)(a-KG)(NO)] and [Fe(15N-
N2O1)(MOB)(NO)] complexes at a series of magnetic field strengths along the EPR 
spectra of the complexes. ESEEM spectra were also collected for the unlabeled 
 
6 Geometry optimization calculations performed by Rishab Nayak, Boston University. 
[FeII(N2O1)(a-KG)(H2O)] [FeII(N2O1)(MOB)(H2O)]


























A 1.15 12 0.65 22 0.21 38 0.31 35
A’ 2.20 2.4 2.35 1.9 1.67 3 1.98 2
B 0.00 83 0.00 74 0.00 57 0.00 62
B’ 2.50 1.4 2.50 1.2 1.84 2 2.28 1
C 3.27 0.3 2.91 0.7 2.91 0 2.93 0




complexes. The modulations arising from the 15N are weak compared to the 14N signals, 
but dividing the 14N spectra by the 15N spectra gives 14N dominated ESEEM spectra 
which are shown in Figure 4.12. A and B. The divided data of the both the [Fe(N2O1)(a-
KG)(NO)] and [Fe(N2O1)(MOB)(NO)] show peaks with similar frrequencies as the 
magentic field varies, suggesting similar 14N hyperfine coupling in the two complexes. 
The divided spectra should allow for the isolation of the hyperfine interactions derived 





Figure 4.12. 14N-ESEEM spectra of (A) Fe(14/15N2O1)(a-KG)(NO) and (B) 






ESEEM spectra were also collected of the [Fe(N2O1)(MOB)(NO)] complex with fully 
13C labeled MOB (13C5) in order to determine the binding mode (bidentate or 
monodentate) of the a-KA to the Fe center. Division of the 13C labeled complex with the 
12C complex data gives 13C ESEEM spectra at varying magnetic fields (Figure 4.13). 
Smaller 13C hyperfine couplings are observed near the g = 2 region (300 mT) and larger 
couplings near the g = 4 region (180 mT). The g = 2 region corresponds to g|| while the g 
= 4 region corresponds to g⊥. A greater coupling is expected perpendicular to the Fe-NO 
unit due to the a-KA binding cis to NO.  
 
Figure 4.13. 13C-ESEEM spectra of [Fe(N2O1)(13/12C-MOB)(NO)] collected at 4 K by 






Both experimental and computational data suggest the complexes [FeII(N2O1)(a-
KG)(L)] and [FeII(N2O1)(MOB)(L)] are present in two conformations in solution. Initial 
ESEEM data has been collected to determine whether the medial nitrogen of the N2O1 
ligand is cis or trans to the sixth coordination position based on hyperfine coupling 
between the medial nitrogen and the Fe-NO unit. In addition, 13C-ESEEM spectra has 
been collected in order to further establish bidentate binding of a-keto acids when NO is 
bound. These experiments are ongoing and will hopefully provide insight into the 
distirbution of [Fe(N2O1)(a-KG)(NO)] and [Fe(N2O1)(MOB)(NO)] isomers in solution 
once the ESEEM data has been simulated. 
The ultimate goal of these experiments is to determine the number of reactive isomers 
and their geometric orientations. The reactive intermediate is proposed to be a high spin 
Fe(IV)-oxo, which is not ammenable to EPR. An EPR active species, however, might be 
derived from the proposed Fe(IV)-oxo through the reaction of [FeII(N2O1)(a-KG)(L)] 
with O2 in the presence of a 2,4,6-tri-tert-butylphenoxide salt (Figure 4.14). An electron 
transfer reaction to the generated Fe(IV)-oxo from the phenoxide would result in an EPR 
active FeIII-O- intermediate and 2,4,6-tri-tert-butylphenxyl radical (not shown). Similar 
ESEEM analysis can be used to determine whether the medial N2O1 nitrogen was cis or 
trans to the Fe=O unit. In addition, the use 17O2 would allow us to confirm the presence 
of an O2 derived FeIII-O- species by analyzing hyperfine interactions between the S = 5/2 





Figure 4.14. Proposed generation of the one electron reduced reactive intermediate via 
electron transfer from 2,4,6-tri-tert-butylphenoxide. 
 
A determination of the geometric configuration of the reactive isomer is an important 
step in the development of N2O1 ligand variants that will promote site selective C-H bond 
oxidation reactions. Enzymes achieve this ligand spatial orientation through specific 
interactions between amino acid side chains and the substrate. This specificity results in 
the proper orientation of the substrate for catalysis. A similar effect might be achieved by 
modifying the R1, R2, and R3 positions of the N2O1 ligand (Figure 4.15). A modular 
synthesis for attaching varying R groups to the N2O1 ligand platform has been developed 
by Dr. Will Tucker. The R groups can be used to direct the orientation of the substrate 
relative to the Fe(IV)-oxo in order to acheive a desired oxidation prodcuct.  
 
Figure 4.15. Synthetic route in the development of new N-substituted 
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